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Aim 1: gather more articulatory evidence (e.g. place of articulation, sublingial cavity, jaw lowering, tongue retraction) and examine the whole tongue contour
Aim 2: examine the relationship of (1) acoustics vs. articulation with respect to lip movements and (2) dynamic variation in acoustic Polish retroflex spectra 
over the duration of the sibilant

Results

1. Retroflexes show a higher tongue tip position compared to plosives
2. Place of articulation for the examined retroflex fricatives is mostly alveolar; for retroflex

affricates it is postalveolar (closure phase) and alveolar (friction phase)
3. Tongue shape ranges from convex to concave to flat.
4. Different degrees of jaw lowering across speakers, generally tend to be smaller in the case of 

retroflexes than in plosives.
5. Higher sublingual cavity for retroflex affricates than for retroflex fricatives.
6. Bigger tongue back retraction for retroflexes compared to plosives.
7. Correlations between relative lip positions and acoustic second spectral peak are very weak 

and not significant -> lip position (in real Polish data) does not explain the prominent 
second spectral peak around 7kHz found for Polish retroflexes.

8. Spectra measured at the acoustic midpoint compared to the 25% and 75% (landmark)s are 
not very different -> it seems that the acoustic midpoint used in many studies is sufficient to 
characterize Polish retroflex spectra.
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Introduction

1. Traditionally, Polish postalveolar sibilants have been described as postalveolars /ʃ tʃ ʒ dʒ/ (Jassem 2003)
2. However, more recent research revealed that sounds are rather retroflexes from both an acoustic (Żygis et 

al. 2012) and an articulatory point of view (Bukmaier & Harrington 2016, Hamann 2003) 
3. Contemporary research has shown that the the tongue tip and its vertical orientation are most effective

physiological parameteres wich provide a clear separation between three Polish fricative places of 
articulation (Bukmaier, Harrington 2016)

-> these conclusions are mainly drawn from the tongue tip characteristics (Bukmaier & Harrington 
2016); the present study examines the whole tongue contour and other articulators like jaw and lips
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1. Second spectral peak and lip protrusion

• Sibilants with postalveolar place of articulation are
characterized by one broad spectral peak in the mid-
frequency region (3-5kHz) -> (first) main peak is 
attributed to front cavity resonance (Stevens 1998)

• However, Polish retroflexes (and alveolo-palatals) 
show an additional strong spectral peak around 7kHz

• Previous research using an articulatory synthesis 
approach (Pape & Zygis 2016) could exclude reasons 
like back cavity resonances or higher front cavity 
resonances, but found that lip protrusion (but not 
spreading) generates a strong additional spectral 
peak around 6-7kHz

• In this dataset, we used the relative upper lip (UL) 
and lower lip (LL) position (lip movement relative to 
rest position as a measurement of the overall lip 
amplitude during the production of the Polish 
retroflexes

-> Does the articulatory relative lip position 
correlate with the occurrence of the second major 
spectral peak for Polish retroflexes?

Figure 7. Polish retroflex multitaper spectrum 
poled over all speakers  (Żygis et al. 2017).

Figure 8. Mean acoustic Multitaper spectra (over all 20 speakers) at the acoustic midpoint of the sibilant [ʂ] (black line), 
the acoustic 25% duration point (magenta line) and the 75% point (green line).

Figure 6. Palate tracing and EMA sensors positioning at the 
moment of minimum velocity (MinVEL) reached by the 
tongue tongue tip sensor in the nuclear phase of consonant 
[ʂ] (red line) and [t] (black line) for speaker AP_f and 
differences in sensor position (TT [ʂ] – TT [t] green arrow, 
TT [ʂ] – J [ʂ ] blue arrow, TB [ʂ] – TB [t] yellow arrow.

kaszaki [kaʂaki] kaszalot [kaʂalɔt]

Polish retroflex spectra

sziwa [ʂiwa]

• 20 native speakers of Polish (carefully selected) recorded with (1) EMA articulography (Carstens AG500) , (2) 16-channel microphone array and (3) three 
high speed video cameras

• EMA sensors placed on the tongue tip (TT), tongue front (TF), tongue dorsum (TD), tongue back (TB), tongue left side (TLS), upper lip (UL), lower lip (LL), 
and jaw (J), plus three reference sensors (placed on the left and right mastoid processes and on the ridge of the nose, close to its root)

• Retroflexes [ɖ͡ʐ, ʐ, ʈ͡ʂ, ʂ] (intervocalic [a], word-medial stressed), e.g. blaszany [blaʂanɨ] tin
• Comparison: voiceless dental plosive [t] in the same context, e.g. latarka [latarka] torch

Table 7. Pearson correlation coefficients between 
the relative movement of the various lip sensors 
and the ratio of second spectral peak (5-8kHz) 
compared to the first spectral peak (2-4kHz). 

Conclusions

first spectral peak
(front cavity
resonance)

second
spectral
peak

Tongue shape
Sound Convex Concave Plain Slightly

convex
Slightly
concave

Files
number

[ʂ] 60 (35.3%) 27 (15.9%) 20 (11.8%) 42 (24.7%) 21 (12.3%) 170
[ʐ] 11 (26.8%) 10 (24.4%) 2 (4.9%) 13 (31.7%) 5 (12.2%) 41
[ʈ͡ʂ] 47 (29.2%) 37 (23%) 10 (6.2%) 40 (24.8%) 27 (16.8%) 161
[ɖ͡ʐ] 25 (36.2%) 19 (27.5%) 3 (4.3%) 14 (20.3%) 8 (11.6%) 69
Shapes
number/[%] 143 (32.4 %) 93 (21.1 %) 35 (7.9 %) 109 (24.7 %) 61 (13.8 %) 441

Place of articulation [ʂ] [ʐ]
Dental 0% (0/35) 0% (0/46)
Alveolar 65.7% (23/35) 78.3% (36/46)
Postalveolar 34.3% (12/35) 21.7% (10/46)

Place of articulation [ʈ͡ʂ] [ɖ͡ʐ] 
Dental 1.9% (3/161) 0% (0/69)
Alveolar
(closure & friction) 52.2% (84/161) 33.3% (23/69)

Postalveolar
(closure & friction) 4.3% (7/161) 1.5% (1/69)

Postalveolar (closure)
Alveolar (friction) 41.6% (67/161) 65.2% (45/69)

Jaw lowering (mean)
J (Z) retroflex – J (Z) [t]

Sound J (Z) retroflex > J (Z) [t] J (Z) retroflex < J (Z) [t]
[ʂ] 0.42 mm (8 speakers) 1.78 mm (12 speakers)
[ʐ] 1.01 mm (4 speakers) 1.25 mm (14 speakers)

[ʈ͡ʂ] 1.11 mm (10 speakers) 1.29 mm (10 speakers)

[ɖ͡ʐ] 1.11 mm (8 speakers) 1.47 mm (11 speakers)

Sound Sublingual cavity
TT (Z) – J (Z) [mm]

[t] 13.39 
[ʂ] 15.69 
[ʐ] 15.33 
[ʈ͡ʂ] 18.49
[ɖ͡ʐ] 18.76

[s]
Figure 1. Mid-sagittal (top) and coronal (bottom) views of the Polish sibilants (Toda, Maeda & Honda 2010).
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Figure 2. Arrangement of articulograph sensors.

Aim 2: Articulatory lip 
position vs acoustics

Table 1. Tongue shape types in realization of Polish retroflexes. 

2. Place of articulation – horizontal positioning of the TT sensor in relation to the most
prominent (most concave) part in the alveolar ridge

1. Tongue shape

Table 2. Place of articulation of Polish
fricative retroflexes.

Table 3. Place of articulation of Polish 
africate retroflexes.

3. Jaw lowering

4. Tongue back retraction

5. Sublingual cavity

Table 4. Jaw lowering of Polish retroflexes.

Table 6. Sublingual cavity [mm] of Polish retroflexes 
and plosive [t] (diffrence in tongue tip and jaw 
sensors positions).

Figure 5. Palate tracing and EMA sensors 
positioning at the moment of minimum velocity 
(MinVEL) reached by the tongue tongue tip
sensor in the nuclear phase of consonant [ʂ] 
(black line) and [[ʈʂ͡]] (red line) for speaker 
AO_f.

Table 5. Tongue back retraction [mm] 
of Polish retroflexes. 

Sound Tongue back retraction
TB (X) retroflex > TB (X) [t] [mm]

[ʂ] 7.92
[ʐ] 7.47
[ʈ͡ʂ] 6.06
[ɖ͡ʐ] 5.74

Figure 4. Concave
tongue shape during
[ʂ] pronuntiation.
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Results

2. Acoustic variation

• How do Polish retroflex spectra vary over the 
sibilant time duration, i.e. do spectral characteristics 
differ when measured at the acoustic midpoint 
compared to the 25% or 75% (landmark)s?

szisza [ʂiʂa] zaszaleć [zaʂalet͡ɕ]

Convex
Slightly
convex
Plain

Slightly
concave
Concave

Figure 3. Tongue shapes types. 


		Lip sensor

		Correlation between relative position of lip sensor and second spectral peak (5-8kHz)



		Upper Lip X

		0.156



		Lower Lip X

		0.229 (significant)



		Upper Lip Y

		-0.232 (significant)



		Lower Lip Y

		-0.146



		Euclidean Distance Lower Lip

		-0.008



		Euclidean Distance Upper Lip

		0.135
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