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Abstract

Our ongoing research programme aims
to understand how children acquire the
motor control skills needed for speech.
In this pilot study, we looked at how Es-
tonian children and adults produce con-
sonants that require complex tongue ges-
tures. Ultrasound and acoustic data were
collected from 8 adults and 8 children
aged 4-5 and 6-8. The participants pro-
duced palatalised and non-palatalised
consonants. Analysis of tongue shapes
using Number of Inflections and Modi-
fied Curvature Index and showed that
palatalised productions consistently re-
sulted in more complex and differenti-
ated tongue configurations (more inflec-
tions, higher curvature). Children pro-
duced a smaller difference in tongue
shape between palatalised and non-pala-
talised consonants, indicating ongoing
maturation of articulatory control, vocal
tract, and tongue shape.

Introduction

The aim of this paper is to compare the
tongue shapes of Estonian adults and
children producing consonants with
multiple articulations using ultrasound
tongue imaging.

Previous research indicates that
children take time to acquire ‘lingual
differentiation’, i.e. control over differ-
ent parts of the tongue (Cleland and
Scobbie 2021). For example, consonants
that require a higher degree of lingual
differentiation, e.g. affricates or trills,
are acquired at age 5 years or later
(McLeod and Crowe 2018). The reasons
for this are cognitive-developmental

(Vihman and Croft 2007) and also phys-
iological (Kent 1992). Specifically,
younger children do not have full control
of the superior longitudinal muscle,
meaning multiple lingual constrictions
are physiologically challenging for chil-
dren younger than 6 years (Abakarova,
Fuchs, and Noiray 2022). At the same
time, children’s tongues are proportion-
ally larger than adults leading to a palatal
quality in child speech (Vorperian et al.
2005; Vihman and Vihman 2011).

While previous child articulatory
and acoustic research has considered the
development of motor control and tim-
ing between segments (e.g. (Abakarova,
Fuchs, and Noiray 2022; Howson and
Redford 2021), here we investigate how
children acquire tongue shape within
segments via a case study of phonemic
secondary palatalisation in Estonian. In
doing so, we aim to build an understand-
ing of lingual differentiation as a win-
dow into the acquisition of speech motor
control in complex consonants.

In Estonian, the coronal consonants
/I, n, s, t/ can undergo secondary palatal-
isation in non-initial position. In palatal-
ised consonants, the primary place of ar-
ticulation on the alveolar ridge is accom-
panied by a secondary place of articula-
tion at the hard palate (Bateman 2011,
Malmi 2022). With secondary palatali-
sation, the body of the tongue is fronted
and raised, and the tongue is constricted
at two points.

Such consonants require the near-
simultaneous coordination of multiple
parts of the tongue and are presumably
harder to acquire in adult-like fashion
for children than for adults, according to
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typologies of consonant acquisition, de-
velopment of the superior longitudinal
muscle, and timing patterns (McLeod
and Crowe 2018; Abakarova, Fuchs, and
Noiray 2022).

The aim of this article is also to test
out the recording procedure and analysis
methods before expanding our research
to fully investigate the acquisition of
multiple lingual gestures and their coor-
dination. The research questions are lin-
guistic and development as follows:

1. Do palatalised and non-palatal-
ised consonants differ in the extent of
lingual differentiation? We hypothesise
that palatalised consonant productions
have a higher degree of lingual differen-
tiation compared to non-palatalised con-
sonants.

2. Do adults and children differ in
the extent of lingual differentiation in
consonant production? We hypothesise
that children exhibit a lesser degree of
lingual differentiation than adults due to
the development of the superior longitu-
dinal muscle. Lingual differentiation is
expected to increase with age.

Material and methods

The experiment was approved by the
Research Ethics Committee of the Uni-
versity of Tartu, Estonia, approval num-
ber 397/T-7.

The acoustic and ultrasound data for
the experiment were collected in Estonia
from 16 speakers. Four aged 3-4 years,
four aged 6-8, and eight first-language
Estonian-speaking adults aged 32-46.
The recordings took place in partici-
pants' homes, with low background
noise and no distractors.

The data were recorded, and
prompts were presented to the partici-
pants using Articulate Assistant Ad-
vanced (AAA) (Wrench 2024). Midsag-
ittal ultrasound recordings were made
with a Telemed MicrUs scanner, a
20mm convex probe (3 MHz, 90 Hz
frame rate), and a lightweight headset
(Spreafico, Pucher, and Matosova 2018)
which held the probe in place under the

chin. Acoustic recordings were made
with a DPA 4080 Cardioid Lavalier Mi-
crophone.

The participants were asked to pro-
duce words that they heard via an audio
prompt and saw orthographically on the
laptop screen with an accompanying pic-
ture. Test words consisted of eight mini-
mal pairs for the palatalisation contrast
(16 words total) and a further eight
words with a palatalised consonant
where no corresponding non-palatalised
minimal pair exists. The 24 words were
repeated five times, where possible. The
experiment lasted around 20 minutes. In
this paper, we consider the minimal pairs
only (see Table 1).

Table 1. Word list used in the experiment.

Word IPA English
kas [kas:] int.pron
kass [kasi:] cat
kus [kus:] inter.pron
kuss [kus':] sush
pats [pat:s] slap
pats [pat':s] braid
nutt [nut:] cry
nutt [nut:] smarts
kann [kan:] jug
kann [kan':] toy
punu [punu] to braid
punu [puniu] tummy
tall [tal:] lamb
tall [tal:] barn
sulg [sul:k] bracket
sulg [sull:k] feather

The acoustic data were force-
aligned (Alumae, Tilk, and Asadullah
2018) and manually checked in Praat
(Boersma and Weenink 2025). Tongue
splines were fitted with DeepLabCut
(DLC) (Mathis et al. 2018) in AAA.
Tongue coordinates were rotated to each
speaker’s occlusal plane using a bite
plate recording (Scobbie et al. 2011)
made at the start of each speaker’s data
collection.

Our analysis of tongue shape in-
cludes two measures which aim to cap-
ture the extent of lingual differentiation.
Firstly: Number of Inflection Points
(NINFL), which shows the number of
times a tongue shape changes from



convex to concave (Preston et al. 2019).
A greater NINFL should indicate greater
lingual differentiation. Secondly: Maxi-
mum Curvature Index (MCI) (Dawson,
Tiede, and Whalen 2016). MCI
measures the extent of tongue curvature
relative to the arc length, indicating how
curled up or stretched out the tongue is.
A higher value indicates a more curled-
up tongue, while a lower value indicates
a more stretched-out tongue shape.

NINFL was calculated in AAA and
exported with tongue spline coordinates.
Following Dokovova et al. (2023), we
added +1 to the NINFL values and fil-
tered out the values above 6. MCI was
calculated using a Python script from
Dawson, Tiede, and Whalen (2016).

In this paper, we analysed NINFL
and MCI at a static timepoint on the
Vowel-Consonant boundary. This is be-
cause previous work on Estonian pala-
talisation has shown that this is where
the effect of palatalisation on the quality
of the consonant is the strongest (Malmi
2022). After manual data checking and
filtering, we were left with 1222 tokens.

For the data analysis, we used RStu-
dio (RStudio Team 2020). For the
NINFL data using the ordinal package
(Christensen 2023), and for the MCI
data, we fitted a linear mixed effects
model using the Ime4 package (Bates et
al. 2015). The ordinal and linear models
had NINFL and MCI as the dependent
variables, respectively. Both models
contained participant age in three groups
(adult, 6-8 years, 4-5 years), consonant
(/MM, 1/, Inl, Isl), preceding vowel (/a/, /u/)
and palatalisation (“yes” vs. “no”) and
all the possible two-way interactions be-
tween them as independent variables.
The test word and speaker were included
as random intercepts. Significance test-
ing was carried out by first assessing the
output of the full model. Non-significant
interactions were removed step-wise un-
til an optimal model was achieved. The
code and data are available:
https://osf.io/ydt6g/.

Results

Number of Inflections

The NINFL data are plotted in Figure 1,
and the results of the statistical model-
ling are shown in Table 2.
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Figure 1. The NINFL values according to
palatalisation by different age groups. The
black triangles denote the mean values.

NINFL values indicated that palatalised
productions showed a higher number of
inflections than non-palatalised ones.
Adult speakers produced non-palatalised
tokens with lower NINFL values than
children. But this result needs to be in-
terpreted via the significant interaction
between age group and palatalisation
(see Table 2).

Table 2. Summarised output of the ordinal
linear mixed model of NINFL beta (),
standard error (std.err) and p values.

Fixed effects g  Stderr p
6-8 years 0.86 0.37 0.012
4-5 years 0.95 0.34 0.014
Palatalisation 1.62 0.27 <0.001
Inl 0.63 0.22 0.004
Preceding /u/ 1.13 0.16 <0.001
6-8 years: palatalisation ~ -0.68 0.28 0.014
4-5 years: palatalisation -0.86 0.29 0.003
Palatalisation: /s/ 0.88 0.32 0.006
Palatalisation: /u/ -1.53 0.23 <0.001

This indicates that the children produced
a smaller distinction between minimal
pairs than the adults. Indeed, the medi-
ans for palatalised and non-palatalised
consonants are the same for the child



groups (Figure 1). When the preceding
vowel was /u/, NINFL values were
lower. If the consonant was /s/, NINFL
values were higher in palatalised pro-
ductions, and higher overall in /n/.

Modified Curvature Index

The MCI data are plotted in Figure 3,
and the results of the statistical model-
ling are shown in Table 3.
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Figure 2. The MCI values of non-palatalised
(no - yellow) and palatalised (yes - purple)
tokens by different age groups. The black tri-
angles denote the mean values.

MCI values were higher for palatalised
productions. There were no overall sig-
nificant differences between the groups.
However, the interaction between pala-
talisation and the 6-8-year-old group
was significant, suggesting that older
children showed lower MCI values in
palatalised productions compared to
adults (see Table 3).

Table 3. Summarised output of the linear
mixed model of MCI beta (), standard error
(std.err) and p values.

Fixed effects g Stderr p

Palatalisation 0.38 0.03 <0.001

Isl 0.23 0.06 0.006

6-8 years: palatalisation ~ -0.10 0.04 0.008

4-5 years: palatalisation ~ -0.04 0.04 0.30
6-8 years: /s/ -0.17 0.05 0.002

4-5 years: preceding /u/ -0.11 0.04 0.003
Palatalisation: /t/ -0.13 0.05 0.004

MCI values were significantly higher
when the consonant was /s/, but in the

interaction between 6-8-year-old group
and /s/, the MCI values were lower com-
pared to the adult productions of /I/. The
vowel that preceded the consonant had
an effect on MCI values in the interac-
tion with 4-5-year-old group, where the
values were lower. MCI values were
also lower in the interaction between
palatalisation and /t/.

Discussion

To study the lingual differentiation of
non-palatalised and palatalised conso-
nants by children and adults, we looked
at the Modified Curvature Index (MCI)
and the Number of Inflections (NINFL).
Firstly, we wanted to study whether
palatalised and non-palatalised conso-
nants differ in the extent of lingual dif-
ferentiation. We confirmed the hypothe-
sis that palatalised consonant produc-
tions have a higher degree of lingual dif-
ferentiation compared to non-palatalised
consonants. Both the NINFL and MCI
values were higher, indicating that the
tongue was more curled and had more
inflections with palatalisation. This is
mostly in line with the findings by
Nance and Kirkham (2024), who com-
pared velarised and palatalised conso-
nants and found a more complex tongue
shape for onset palatalised consonants.
The preceding vowel also affected
the degree of lingual differentiation.
When the palatalised consonant was pre-
ceded by a high back unrounded vowel
/u/ vs low back unrounded vowel /a/, the
number of inflections were smaller. This
is due to coarticulation: when the pre-
ceding vowel is low, there is a higher
magnitude of tongue displacement
(Malmi 2022). With higher vowels, the
tongue has a smaller degree of freedom
as it is already closer to the palate.
Secondly, we wanted to compare the
production of palatalisation in three dif-
ferent age groups to see whether adults
and children differ in the extent of lin-
gual differentiation in consonant pro-
duction. Few previous studies have di-
rectly compared adults and children



using these metrics (Kabakoff et al.
2023; Nance and Kirkham 2024). Our
developmental findings interact with the
palatalisation contrast: adult and child
NINFL and MCI results are similar for
palatalised consonants, but children pro-
duce less of a distinction between pala-
talised and non-palatalised consonants
than adults. Their tongue shapes for non-
palatalised consonants are more palatal
(greater NINFL, higher MCI) than adult
non-palatalised consonants. This finding
supports previous observations that
child speech has a palatal quality (Vi-
hman and Vihman 2011) but does not in-
dicate predicted age-related differences
in lingual differentiation for the articula-
torily complex palatalised consonants.

Our data suggest that the inflections
and curvature needed to produce palatal-
isation are acquired by age 4 years, but
producing the tongue shapes needed for
phonemic contrast takes longer, into
later childhood and support the findings
of a previous investigation of laterals
where the allophonic distinction for sec-
ondary articulations was acquired up to
age 7;11 (Lin and Demuth 2015).

Given the small-scale nature of our
pilot study, more data will be needed be-
fore we can confirm these findings. Our
current working hypothesis is that the
palatalisation contrast is easy to perceive
for even young children, but this will be
fully tested in future data collection. We
will also continue to assess the utility of
NINFL and MCI for investigating lin-
gual differentiation (Palo and Lulich
2024).

Conclusions

The results of our pilot study show
that palatalisation leads to greater lin-
gual differentiation across measures,
with developmental differences. Specif-
ically, children are less able to produce
differences in lingual differentiation
needed for phonemically contrastive
palatalisation. These patterns suggest
ongoing maturation of speech-motor
control during early childhood for

phonemic contrasts involving secondary
articulations such as palatalisation.

In our future work, we will expand
to a larger sample size, including chil-
dren aged 3-11 years. We will also con-
sider the temporal nature of secondary
articulation contrasts and how this de-
velops across childhood.
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