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ABSTRACT
An important insight into speech motor control
development can be gained from analysing
coarticulation. Despite a growing number of acoustic
and articulatory studies of lingual coarticulation in
children, there are conflicting opinions on how the
extent of coarticulation changes during childhood.
There is also increasing evidence that age-related
patterns vary depending on speech sounds involved.
The present study employed ultrasound tongue
imaging to compare anticipatory V-on-C
coarticulation in 13-year-old adolescents and 5-yearold children, using the consonants /p/ and /t/, which
differ in the amount of lingual coarticulation in adult
speech. For /p/, the two groups had a similar amount
of coarticulation. For /t/, both groups had a vowel
effect on the extent of tongue bunching, while only
adolescents had an effect on the location of tongue
bunching. Token-to-token variability in absolute
tongue position was larger in the 5-year-olds. We
discuss the findings in relation to previous studies
and existing theories.
Keywords: coarticulation, motor control, children,
adolescents, speech production
1. INTRODUCTION
Speech motor control development in children has
been investigated over the years in acoustic and
articulatory studies. A large area of research that
informs theories of motor control is coarticulation.
The question of how children reach adult-like
control of articulators has been asked in a number of
studies using different methodologies (e.g., [10, 20,
14, 9, 23, 15, 13, 6, 12, 29, 16, 22, 30, 31]). Perhaps
partly due to this methodological diversity, there are
conflicting opinions on how the extent of
coarticulation changes during childhood.
One influential point of view is that children
coarticulate less than adults, suggesting a segmentby-segment style planning ([10]). Another view is
that children plan speech in syllable-sized units and,
hence, coarticulate within the syllable more than
adults ([14, 15]). There is also evidence from studies
that have not reported measurable differences in

coarticulation between adults and children (e.g, [9,
13]). Finally, age-related patterns of coarticulation
have been shown to vary depending on the nature of
speech segments ([23, 8, 29, 16, 30, 31]). For
example, 4-to-5-year-old children have been
reported to have less coarticulation for alveolar than
for labial stops, like adults ([23, 16]). On the other
hand, 6-to-9-year-old children, unlike adults, did not
show evidence of vowel-on-/s/ coarticulation in [29].
In the present study, we employed ultrasound
tongue imaging to compare vowel-on-consonant
anticipatory lingual coarticulation in 13-year-olds
and 5-year-olds, using the consonants /p/ and /t/. Our
choice of the measurement time point was guided by
previous studies. Measuring at the consonant offset,
as in locus equation studies [23] and [16], would
likely show adult-like patterns of coarticulation in
both groups of speakers, while we were interested in
documenting age-related differences. The time point
of 30 ms before the consonant offset, used for
fricative F2 analysis in [14] and [15], would not be
practical for stops, as it would likely correspond to
inconsistent acoustic events across speakers and
consonants. Instead, we chose mid-closure for
measurements because, based on [29] and [31], we
could expect some age-related consonant-specific
differences at this time point.
For the adolescents, coarticulatory effects were
expected for both /p/ and /t/, with a larger effect on
/p/ (see [30, 31]). The 5-year-olds were hypothesised
to coarticulate /p/ (based on [31]), but not /t/ (based
on [29]). More versus less coarticulation in the
younger speaker group would support the “syllabic”
[14] versus “segmental” [10] planning points of
view, respectively. Finally, based on previous
studies that have reported large variability as an
indication of immature motor control in children
(e.g., [23, 21, 29]), we expected to observe larger
within-speaker variability in tongue position in the
younger age group.
2. METHOD
2.1. Participants and data collection

The participants were speakers of Scottish Standard
English, ten adolescents aged between 13;0

[years;months] and 13;11 (six girls), and ten
children aged between 5;5 and 5;11 (five girls). The
children were judged by a speech and language
therapist to have typically developing speech.
Ultrasound tongue movement data were collected
at 100 Hz, synchronised with the acoustic signal
sampled at 22050 Hz. CV syllables with the
consonants /p/ or /t/ and the vowels /a/ or /i/ were
produced in the carrier phrase “It’s a ..., Pam” (each
target repeated five times) by the two groups. In all
recordings, the ultrasound transducer was hand-held
by the experimenter (cf. [31], where child hand-held
data were compared with adolescent head-totransducer stabilised data). Because of the age of the
younger children, and based on previous research,
we were unable to use the typical setup including
head-to-transducer stabilisation that we would have
used with older speakers, as it involves the need to
wear a headset that is generally too heavy and
uncomfortable for 5-year-olds. We feel justified in
recording the speakers without head stabilisation
because the study used recently identified measures
of coarticulation that produce the same results for
non-stabilised data and for stabilised data ([27]).
The data were collected using Articulate
Assistant Advanced software ([1]), and this software
was also used to trace tongue curves. All participants
were video recorded en face and in profile during the
data collection, using a separate channel of the
multichannel ultrasound system (see Fig. 1). All
recordings were examined in order to ensure that the
transducer was relatively stable under the chin
during the production of the target CV sequence, and
that a midsagittal tongue image was present, along
with the shadow of the chin and the shadow of the
hyoid bone. These conditions were not satisfied in
five tokens of /p/ produced by four children from the
younger group: two tokens of /p/ from /pa/ (5yo3
and 5yo7) and three tokens of /p/ from /pi/ (two by
5yo4 and one by 5yo5). These five tokens were
excluded from the analysis.

2.2. Data analysis

For both stops, tongue shapes were traced at midclosure automatically, with some manual correction.
Text files with xy coordinates of the tongue curves
were exported from Articulate Assistant Advanced,
for further analyses in R ([17]).
2.2.1. Measurements of tongue shape
LOCa-i index ([27]) was used to quantify differences
in tongue shapes depending on whether the
following vowel was /a/ or /i/. This index was
chosen for across-group comparisons in this study
based on previous work. In [27], adolescent speakers
were recorded producing the same stimuli with and
without head stabilisation, and LOCa-i had a
consistent performance across conditions for both Von-/p/ and V-on-/t/ anticipatory coarticulation, even
though for the former consonant different amounts
of the tongue curve were imaged in the two
stabilisation conditions.
The calculations of LOCa-i are illustrated in Fig.
2, which shows tongue shapes for /t/ in the two
vowel contexts. LOCa-i is a ratio of the straight line f
(a perpendicular from one third of line n, starting
from the front, to the tongue curve) to line b (a
perpendicular from two thirds of line n to the tongue
curve). In the context of /i/, for both /p/ and /t/,
LOCa-i has higher values than in the context of /a/ in
adults and adolescents without speech disorders
([26, 27]). This pattern is demonstrated in Fig. 2 for
an adolescent from the present study.
Figure 2: Tongue curves for /t/ from /ta/ (left) and
/t/ from /ti/ (right), produced by adolescent speaker
13yo1, illustrating the two indices. The front of the
tongue is on the right in this figure and in Fig. 3.

Figure 1: A video frame from the recording
software, with combined views of a 5-year-old
participant in two planes during the data collection.

For the alveolar consonant, we also quantified the
extent of excursion of the middle portion of the
tongue, using the Dorsum Excursion Index (DEI,
[25]). In [27], DEI was shown to produce the same
results on coarticulation in adolescents across
different stabilisation conditions for /t/, but not for
/p/. This suggests that comparing tongue shape
during bilabials produced by two groups of speakers

without head stabilisation may not yield reliable
results for DEI, due to a possible influence from the
length of the imaged curve. Therefore in the present
study we used DEI for analysing /t/, but not /p/. The
calculations are illustrated in Fig. 2. DEI is a ratio of
line d (a perpendicular to the tongue curve from
mid-n) to line n. DEI has higher values for /t/ in the
context of /i/ than in the context of /a/ for typical
adults and adolescents ([26, 27]).
2.2.2. Token-to-token variability

both in terms of the extent of bunching (larger in the
context of /i/) and in terms of the location of the
most bunched part of the tongue in relation to the
ends of the curve (further forward in the context of
/i/). In the younger child, the curves in the context of
/i/ appear to be generally somewhat more bunched
than in the context of /a/.
Figure 3: Tongue curves for five repetitions of /p/
and /t/ in the two vowel contexts, produced by one
representative participant from each age group.
Solid lines – /a/ context, dashed lines – /i/ context.

For each target consonant in each vowel context,
within-set (WS) nearest neighbour distances ([28])
were calculated between curves for the five tokens
produced by each 13-year-old speaker (see [27]) and
each 5-year-old speaker. These WS distance values
were used to compare token-to-token variability in
absolute tongue position across age groups. In the
event that WS distances were significantly greater in
adolescents (due to developmental differences in
vocal tract length, [3]), normalisation across
speakers for vocal tract size, based of relative length
of tongue contour, would be carried out before
across-group comparisons.
2.2.3. Statistical analyses
Linear Mixed Models (LMMs, [2]) were used for
inferential statistical analyses, including random
intercept and slope for speaker. Following [30], the
F value in the ANOVA needed to exceed 8.49 for an
effect to be deemed significant at the 0.01 level. To
establish the presence of a coarticulatory effect,
LMMs on tongue shape indices were carried out
within consonant and age group, with vowel as a
fixed factor. In the event of a significant effect on
LOCa-i for both consonants in the adolescents, a
LMM was carried out with consonant and vowel as
fixed factors, and a significant interaction would
indicate a cross-consonant difference in the extent of
coarticulation. In the event of a significant effect for
a given consonant in both age groups, interaction of
age group and vowel in a larger model was used to
establish any age-related difference.
3. RESULTS
Fig. 3 has curves from one representative participant
per age group. Visual inspection shows that in both
speakers, tongue curves for /p/ in the contrasting
vowel contexts are, not surprisingly, more
differentiated in shape than tongue curves for /t/. For
/p/, the most bunched part of the tongue in the
context of /i/ is clearly further forward along the
tongue curve than in the context of /a/. For /t/ in the
adolescent, the shape of the tongue appears to differ

3.1. Presence of coarticulatory effects

Fig. 4 has LOCa-i values for both consonants and
DEI values for /t/, in the two age groups and vowel
contexts. The figure confirms visual observations
from Fig. 3, showing noticeable vowel-related
differences in tongue shape at mid-/p/ in both age
groups (LOCa-i in Fig. 4a). For /t/, Fig. 4b shows
vowel-related differences in DEI for both age
groups. LOCa-i results for /t/ in Fig. 4a show no
vowel-related difference for the 5-year-olds, while
for 13-year-olds any vowel-related difference is
considerably smaller than for the bilabial stop.
Figure 4: Group averages for (a) LOCa-i and (b)
DEI values. The boxes for /i/ are shaded.

Results from LMMs testing for the presence of
the vowel effect can be found in Table 1. For the
adolescents there was a significant vowel effect on
LOCa-i for both consonants, and also on DEI for /t/.
For the 5-year-olds, there was a significant effect on
LOCa-i for /p/ and on DEI for /t/.
Table 1: F values from LMMs testing for the
presence of the vowel effect on the consonant,
within age group. The values that were significant
at the 0.01 level are accompanied by an asterisk.

/p/
/t/
LOCa-i LOCa-i
DEI
13yo 32.83 * 16.03 * 23.79 *
5yo 27.15 *
0.02
19.93 *
3.2. Size of coarticulatory effects

For the adolescents, in a LMM on LOCa-i there was a
significant interaction between consonant and vowel
(F = 32.40). The direction of the difference
conforms to our prediction. It is illustrated by the
ratios of the mean group value in the context of /i/ to
that in the context of /a/: for /p/ the ratio was 1.46,
and for /t/ it was 1.17. In LMMs on LOCa-i for /p/
and on DEI for /t/, there was no significant
interaction of vowel and group in either case.
3.3. Token-to-token variability

Table 2 shows mean WS distance values. There was
a significant effect of age group on WS distances
(F = 30.99), with larger values for the younger
group, so we can conclude without across-speaker
normalisation that 5-year-olds were more variable in
absolute tongue position than adolescents.
Table 2: Mean WS distance values for the two age
groups, vowels and consonants.

13yo
5yo

/p/
/t/
/a/
/i/
/a/
/i/
2.08 2.22 1.86 2.00
2.77 3.50 3.03 3.37
4. DISCUSSION

The results from this study provide new information
on consonant-specific coarticulation in children. We
have shown that 5-year-olds can anticipate the
tongue position of the upcoming vowel not only at
mid-/p/ (cf. [31]), but also, to some extent, at mid-/t/
(cf. [23, 16, 29]). The finding that the two age
groups demonstrated a similar amount of vowelrelated coarticulation for /p/ (see also [31]) does not
support either of the two opposing theoretical views

on developmental changes in amount of
coarticulation, “segmental” ([10]) or “syllabic”
([14]). Some support for the former view comes
from the finding that at mid-/t/, 5-year-old children
showed certain developmental immaturities in
adapting the tongue shape to the following vowel,
discussed below.
The alveolar stop has more complex production
requirements than the bilabial, as the tip/blade-topalate closure needs to coincide in time with
adjustments to the rest of the tongue in anticipation
of the following vowel (see [18]). Our explanation
of the fact that the 5-year-olds did better on the
bunching extent measure than on the bunching
location measure relates to the different aspects of
controlling tongue movements captured by these two
measures. Bunching extent is mostly modified by
dorsum raising (see [26], where /k/ had the largest
DEI value of several consonants), while bunching
location seems to be modified by more complex
adjustments, which can involve coordinated actions
of tongue body and tongue tip (cf. [7]). Thus, with
LOCa-i reflecting a more complex lingual
articulatory trajectory, the lack of tongue adaptation
on this measure in younger children would reflect
less mature control than in adolescents, relating to
the lack of functional differentiation between the
front and the back of the tongue (see [4, 5]).
We have shown evidence that the 5-year-old
group had more within-speaker token-to-token
variability in absolute tongue position than the 13year-old group. This finding confirms our
predictions and agrees with previous studies (e.g.,
[23, 21, 29]). Interpretation of this result, however,
requires some caution, because we cannot rule out
the possibility that some of this larger variation in
the younger group may have been due to more head
movement in relation to the ultrasound transducer in
younger speakers, rather than to across-group
differences in motor control.
Finally, our results demonstrate that timing is an
important factor when studying coarticulation
development (cf. [24, 11, 19]). While previous
studies have reported adult-like ([16]) or more-thanadult ([15]) coarticulation in children at later time
points in alveolar consonants, our findings suggest
that at mid-closure for the alveolar stop, 5-year-olds
do not adapt the tongue shape to the upcoming
vowel as much as adolescents. In future studies, we
are planning to combine the methods used in [30]
and [27], in order to compare temporal lingual
coarticulation across age groups.
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