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ABSTRACT:

The relationship between vocal tract geometry and acoustic resonances is often examined using speaker-specific
data, limiting physical studies to a narrow set of static, rigid configurations and frequently producing discontinuous
area functions that are poorly suited for studying dynamic vocal-tract behavior. To address these constraints, this
study introduces a theoretical squeezed waveguide vocal tract (SWVT) framework for analyzing the relationship
between acoustic resonances (up to 4-5 kHz) and smooth area functions that characterize vowel-like vocal tract con-
figurations with one or two constrictions. The relevance of seven SWVT parameters—constriction positions, degrees,
extents, and waveguide length—is established through theoretical analysis and experimental validation. Experiments
are performed using both rigid, static waveguides and a deformable, molded waveguide. The molded waveguide
facilitates experimental investigation of constriction degrees up to full closure and provides a basis for future studies
on the (aero-)acoustic—geometry relationship in dynamic SWVT configurations.
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I. INTRODUCTION

The study of acoustic resonances in the vocal tract (VT)
during vowel production, referred to as formants, has been a
central focus in spoken language research.'~ Driven by con-
tinuing advances in medical imaging and machine learning,
a growing body of literature documents benchmark datasets
of VT area functions and corresponding formants in order to
describe how articulatory movements dynamically shape
VT geometry and thereby influence vowel acoustics.®™'?
However, VT configurations are known to vary widely due
to inter- and intra-speaker factors (e.g., age, gender, posture,
body size''*™'®) and contextual influences (e.g., prosody,
duration, environment™'®'?). To generalize beyond limited
speaker-specific data,”” efforts have been made to formalize
the relationship between VT geometry and vowel produc-
tion through the development of parameterized VT models,
grounded in biomechanical, articulatory and data reduction
principles.'>*'% Nevertheless the necessary geometric
detail of the VT remains debated.’’ As a result, physical
studies in vowel sound production mostly rely on a narrow
set of static VT geometries, which are frequently character-
ized by discontinuous area functions.®'#*'=? This reliance
not only restricts the generalizability of such studies, but
also hinders their extension to dynamic VT configurations
and aero-acoustic conditions.

To address these limitations, we introduce a novel
parameterized framework for exploring vowel-like acoustics
using deformable squeezed waveguides, i.e., cylindrical
tubes compressed by up to two sets of parallel bars
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(pinchers). This framework builds on preliminary findings>*
showing that continuous area functions can be obtained ana-
lytically as a function of a limited set of physically meaning-
ful parameters. Such a formulation would enable systematic
parametric investigations, thereby in the long run facilitating
physical aeroacoustic studies of VT dynamics, provided that
acoustic vowel features can be accurately reproduced.

Therefore, in this work, the resonance space of squeezed
waveguide VT-like (SWVT) geometries is compared to for-
mant spaces'>*'%!*3 from American English and French
vowels (Fig. 1 of the supplementary material). Resonances
are computed using a simplified one-dimensional acoustic
model, which has proven effective for predicting vowel for-
mants up to approximately 4-5 kHz.021:22:32:33.36-38 g fre-
quency range covers the first few formants, which define the
formant spaces critical for vowel perception and, conse-
quently, for vowel classification.**¢

In the following, the SWVT framework is outlined in
Sec. II. The theoretical resonance space of the seven-
parameter SWVT framework is compared to vowel formant
data in Sec. III. Selected SWVT area functions are consid-
ered in Sec. IV. Theoretical results of the SWVT framework
are experimentally validated in Sec. VI for the vowels /i/, /a/
and /u/, using both rigid and deformable waveguides, in accor-
dance with the experimental approach detailed in Sec. V. The
influence of constriction features is further explored in Sec.
VII. Conclusions are formulated in Sec. VIII.

Il. INTRODUCING THE SWVT FRAMEWORK

The squeezed waveguide seven-parameter VT-like
framework, or SWVT framework, is proposed to investigate
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the relationship between SWVT geometries (Sec. II A) and
its acoustic resonances (Sec. II B).

A. SWVT framework: The waveguide

The squeezed VT-like waveguide, the SWVT geometry,
is illustrated schematically in Fig. 1. A circular, uniform
waveguide with variable length Ly and wall thickness dy
= 3 mm is aligned along the x axis, with its cross section
lying in the yz-plane. The internal diameter is Dy = 25 mm,
yielding a cross-sectional area Ay = 490 mm®, consistent
with values reported for unconstricted or open VT regions
during adult vowel production.*'*** The cross section is
initially circular, with both minor (by along the z-axis) and
major (ag along the y axis) axes equal to Dy /2. Deformation
is introduced via one or two sets of opposing pincher bars
(indexed by i € 1,2). Each pincher consists of two symmet-
rical, rounded bars (radius r, = 3.2 mm) featuring a central
flat segment of length /. > Omm. The total pincher length
along the x axis is 2r, + /. > 6.4mm, and the bars are
aligned parallel to the y axis. Pinching induces a local con-
striction along the x axis, reducing the cross-sectional area
A(x) < Ag over a length of up to 4 x D, symmetrically cen-
tered at xc.3 4,39

Following Van Hirtum er al.,*® the effect of a single
pincher with /. = Omm for a waveguide of length L is
described by two parameters: the constriction position
x. and the constriction degree 0 <P < 100%, where P
=1— fand f = b(x.)/bo. The deformed cross-sections are
approximated as rounded stadium rings, with a reduced
minor axis b < by and increased major axis a@ > ag. The
waveguide geometry, including the area function A(x) and
axes @(x) and b(x), can be expressed analytically as func-
tions of the two-parameter set (x.,P). Eliraki** extended
and validated this model using mechanical principles, dem-
onstrating that it can be applied to configurations with two
pinchers (each with /. = I., = Omm). In this case, mod-
eled quantities such as A(x) are defined by a four-parameter
set (xc1,P1,xc2,P2), with pincher indices i€ 1,2, as
shown in Fig. 1. Two pinchers can produce up to two con-
strictions, enabling for two- to five-tube configurations

cross-section shape

pincher detail lep>20 lea 20 TIEPTRIOR RO L
; PR / Z _ :
X iy *“ uniform, circular|
" idyy ! RS '
I OAAb x A A y: (50«, \ P=0%
i Do AT SR e —a
. PRV s Y e=ao)
S i Y ™ [ . !
: 14 L. P>0% )
[ S ] 2 '
! (b <bg) !
e=—Lo w=u, z=0 ! rounded stadium ring!
Po>0% T=1=Te1 0 MeeeeeeeeooooC ;
P > 0%

FIG. 1. The squeezed waveguide VT-like (SWVT) framework. A cylindri-
cal tube of length Ly and diameter Dy is squeezed between one or two sets
(indexed by i€ 1,2) of rounded parallel pincher bars (1, =3.2mm),
imposing constrictions defined by the parameter set (I.,x.,P); (in green),
where /. ; is the pincher extent, x.; the constriction position, and P; the con-
striction degree. The deformation results in stadium-shaped cross-sections
with minor (}; < bp) and major (@ > ap) axes, indicated for both unde-
formed (P = 0%) and deformed (0 < P < 100 in %) cases.
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depending on constriction positions (x. 1, X.») and degrees
(P1, P>). Unlike traditional concatenated tube representa-
tions,®?1?>323% the resulting area functions more closely
resemble those of human speakers and exhibit smoothness,
which facilitates subsequent studies with airflow, e.g., those
involving fluid-structure interaction at the glottal source.

Considering the constriction length as a parameter is
motivated, as during vowel production'? (Fig. 1 of the sup-
plementary material), the constricted region may extend
from a few millimeters (e.g., /u/) up to several dozen milli-
meters (e.g., /o/). This variability led to the explicit inclu-
sion of constriction length as a parameter in traditional tube
models.®2""?2323¢ For each pincher, the minimum area is
confined to a waveguide segment of fixed length, deter-
mined by its width 2r, + /. > 6.4 mm, or more precisely, by
the flat segment length /.. When /. = 0 mm, the minimum
area is restricted to a fixed short length of 2r, = 6.4 mm.
The constricted segment length can be increased either
explicitly, by setting /. > 0 mm to create a uniform constric-
tion of length /. with a single pincher, or indirectly, by posi-
tioning two pinchers close enough that the region between
X¢,1 and x> remains constricted, albeit non-uniformly. It is
assumed that the analytic geometric waveguide model, vali-
dated for one and two pinchers with /. = 0 mm,***° also
holds for pinchers with /. > 0 mm, when the minimum area
is extended over the length /.. Thus, the modeled SWVT
waveguide geometry—and derived functions such as A(x)
b(x), and a(x)—is defined by a six-parameter set
(IeasXe1, Piylen, xe2, P2), where i € 1,2 indexes the pinch-
ers (see Fig. 1). Including the waveguide length Ly yields a
general seven-parameter framework:
(LosleasXeq, Prylens Xe2, P2), which represents up to two
area reduction portions in a waveguide with a fixed maximal
area Ag = 490 mm?, as bo = Dy/2 is held constant.

B. SWVT framework: Theoretical acoustic resonances

The acoustic pressure within the waveguide is com-
puted using a theoretical one dimensional acoustic model
based on spatial transmission line theory.’’ " The wave-
guide geometry is represented by its one-dimensional area
function A(x), discretized with a spatial step of 0.3 mm
(Ax = 0.3mm). This step size was selected to ensure the
theoretical model’s output is independent of the discretiza-
tion and to assure an approximately smooth geometry varia-
tion (see Sec. IT A). A flanged infinite baffle exit condition is
implemented in order to approximate the presence of the
face at the VT outlet (x = 0). The one-dimensional theory
neglects higher order acoustic mode propagation within the
waveguide. At room temperature (21°C), the cut-on fre-
quency of these modes for a uniform (P = 0%) waveguide
portion is approximately 8.0kHz and decreases with
increasing P due to the increase in the major axis a(x) along
the constricted section (see Fig. 1).***' For waveguides per-
tinent to the VT (length Ly ~ 180 cm, area Ay ~ 490 mmz),
the first three acoustic resonance frequencies typically occur
below 4-5kHz.3** Therefore, the framework’s resonance
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FIG. 2. Theoretical resonance frequencies F ic(1,2y for a single pincher as
function of position x, (—Lg to 0) Aand constrictign degree P (0%—99%) for
Lo = 180mm and /. = Omm. (a) F;(x., P), (b) F2(x., P).

space defined by the first two theoretical resonances F; with
i € {1,2} can be investigated. Resonance frequencies F; are
estimated as peak frequencies in the theoretical transfer
function H(f) (in dB) between the amplitude of the acoustic
volume flow rate U at the inlet (U_j, at x = —Lo) and outlet
(Up at x = 0) as

W, H(f) = 2010&0%. M

Frequencies from 90Hz to 6 kHz are considered in 10 Hz
increments to cover the frequency range of interest.

For a waveguide with fixed length Ly and a single
pincher of length /., theoretical resonances can be expressed
as functions of two SWVT parameters, F i(xc, P), assuming
a single constriction (i.e., P, = 0% so that pincher index
i = 1 can be omitted for clarity). As an example to illustrate
the influence of constriction parameters, theoretical reso-
nance frequencies F ic12}(Xe, P) for Ly = 180 mm (refer-
ence VT length) and /. =0 mm are visualised in Fig. 2.
Note that theoretical resonances cannot be visualized in this
manner when more than two SWVT parameters are varied.
In the following, constriction position(s) x.; are varied from
the inlet (x = —Ly) to the outlet (x = 0) in 5 mm steps, while
constriction degree(s) P; range from 0% (fully open) to 99%
(near closure), using 5% increments for 0% < P < 80%
and 1% increments for 80% < P < 99%. The following
sections compare the SWVT framework with literature data,
focusing on vowel formants (Sec. III) or area functions A(x)
(Sec. IV).

lll. SWVT vs LITERATURE: RESONANCE SPACES

The vowel space defined by the first two formants
(F1,F,) of American English (gray ellipsoids) and French
(red ellipsoids) vowels, spanning 200 < F; < 1000 Hz and
500 < F, <2500Hz (Fig. 1 of the supplementary material),
is compared to the theoretical resonance space (F W F 2) gen-
erated from various SWVT parameter subsets symbols.

A. One constriction: SWVT subset (Lo, I, Xc, P)

The theoretical resonance space (F |, F) for the SWVT
subset (Lo, /., x., P), considering one constriction (omitting
pincher index i = 1 for clarity), is compared to the vowel
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FIG. 3. Theoretical SWVT resonances (F;, F») vs formants (Fy,F2)
for =Ly <x, <0mm and 0% <P <99%: (a) SWVT subset (Lo,
= 0mm, x, P) for Ly € {131,171, 180} mm. Relationships characterizing
(F1,F,) statistics for Lo € [100 340] mm, Foyu(Fisa) with star
€ {min, max, mean} are indicated (black lines). Reference curve for a uni-
form waveguide (dotted yellow line); (b) SWVT subset (Lo
=180 mm, /., x., P) for [. € {0,15,30,60} mm. (a) (Lo, /. =0 mm,
X¢, P). (b) (Lo = 180 mm, [, x¢, P).

formant space (F, F,) in Fig. 3. The effects of constriction
parameters (x.,P) are analyzed using reference values of
Ly =180mm and /. = Omm (see Fig. 2), as well as for
varying Ly with /. = Omm [Fig. 3(a)] and varying /. with
Ly = 180 mm [Fig. 3(b)].

1. Reference: (Lo=180 mm,l.=0 mm, x., P)

Theoretical SWVT resonances F (x., P) and F (x., P)
are plotted in Fig. 2. Theoretical F| varies between 250 and
500 Hz (overall increase in 100%) and F» between 800 and
1500 Hz (overall increase in 77%). Consequently, vowels in
Fig. 3 with formants outside these ranges cannot be repro-
duced with the reference SWVT subset. Smallest and great-
est resonance frequencies F ic1,2 in Fig. 2 are all observed in
the parameter region associated with large constriction
degrees P.

In this high P-range, F 1 [Fig. 2(a)] decreases with con-
striction position x, which is a tendency not accounted for in
the thumb rule®? (i.e., the empirical rule associated with the
vowel trapezoid, stating that F| primarily increases with
greater constriction degree, while F, increases with a for-
ward shift of the constriction from the pharyngeal region
toward the lips), where x. is solely associated with F5.
Variation of F, occurs for rather large P > 90%.
Consequently, extreme x, near the outlet and inlet as well as
extreme constriction degrees P > 90% are needed to exploit
the full range of F|. The increase in | for decreasing con-
striction degree P (close to open following the thumb
rule®?) is retrieved for x, away from the inlet up to the wave-
guide’s outlet. However, for the x.-range near the inlet, the
tendency is reversed as F decreases for decreasing P,
which thus contradicts the thumb rule for formant F;.

In the high P-range, Fs [Fig. 2(b)] exhibits two succes-
sive maxima and minima for increasing x.. Nevertheless,
when not considering the extrema near the inlet and outlet,
F » increases with x,. (back to front). This trend is consistent
with the rule of thumb?? for formant F 5.

This increase or decrease in F 12 with x. for high
enough P is not necessarily linear, but can be concentrated
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in a compact parameter region. For constriction degrees P
lower than the high P-range, the variation of resonance fre-
quencies with either x. or P is limited, suggesting that a
multitude of VT geometries are associated with the same
(1, F»).

2. Influence of Ly, subset (Ly,l.=0 mm, x.,P)

Theoretical SWVT resonances (F 1, F 2) for waveguide
lengths Ly € {131,171,180} mm and /. = Omm are plot-
ted in Fig. 3(a). These values correspond to typical VT
lengths ranging from those of a child to an adult producing
different vowels,32 e.g., for a single male adult speaker12
from 161 mm for /ae/ to 196 mm for /u/. Assuming the ref-
erence VT length of Ly = 180 mm, the theoretical reso-
nance space is confined to the range 250 < F; < 500 Hz
and 0.8 < F, < 1.5kHz (see also Fig. 2). This resonance
space, defined by (F1,F»), forms a tilted, butterfly-shaped
isosceles trapezium. As Ly increases, the resonance space
shifts toward lower frequencies and narrows, leading to a
decrease in both F | and F 2, as well as in their difference
Fy—Fy.

These tendencies are also observed in the behavior of
descriptive statistics (in Hz) as a function of waveguide
length Ly (in mm); specifically, the minima min(F 12)(Lo),
maxima max(F;,)(Lo), and mean F 12(Lo). Statistics are
computed across 12 different waveguide lengths Ly (in mm)
within the range 100 < Ly < 340mm, covering typical
human VT lengths. The resulting trends are accurately
approximated (coefficient of determination R? > 0.99) by
continuous quadratic functions, as shown in Fig. 4. Notably,
these curves exhibit the greatest variation for L, values
within the range typical of human articulation
(161-196 mm). This indicates that SWVT resonance charac-
teristics are most sensitive to small changes in Ly within this
range, thereby promoting greater resonance variation in the
SWVT space (F1 , Fz).

The relationships between the statistical quantities F ostat
and Fyar [Fig. 3(a)], where stat € {min, max, mean}, for
Lo € [100 340] mm, is accurately approximated as

Fomin(F 1min) = —0.46 - Flmm+l.98-F1mm+48,
Fomax (F imax) =0.016 - Flmax+0.28-F,maX—|—260, ()
Fomean (F 1mean) = 0.096 - Flmean +2.99 - Fmean +0.3.

min statistics
*min (F) - mm(Fg)

; Tl
3 ‘s0-5\4\;\+“

150 200 250 300
Ly [mm]

4 100

[ Fimin(Lo) = 0.014L3 — 8.1Lo + 1471
Fgmm(LO) =0.018L% — 11.4Lo + 2295 1

max statistics

150 200 250 300
Ly [mm]

{Fma, (Lo) = 0.004L3 —

The theoretical resonance space (F 1 F ») is bounded by the
curves F 23;(,,‘(F hm,) representlng the extrema (stat € {min,
max}), while F 2medn(F 1mean) 1llustrates the average trend.
Overall, this confinement indicates that the theoretical reso-
nance space associated with the SWVT subset (Lo,
= 0mm, x., P) overlaps only with the central region of the
vowel formant space (F W F 2), and supports the observed
trend that F L F > and their difference F ) — F 1 all decrease
as Ly increases. Consequently, varying L, allows to shift
along the direction defined by the mean statistical trend,
consistent with Eq. (2), which shows that F omean = 3F lmean
and that F Imean decreases with increasing L. The alignment
between the mean trend (black full line) and the reference
curve [yellow dotted line in Fig. 3(a)], which represents the
first two resonances of a uniform tube*>*! of length Ly and
diameter Dy, supports the conclusion that the mean is gov-
erned solely by L.

3. Influence of I, subset (Lo=180 mm, 1., x., P)

Theoretical SWVT resonances (F 15 F. ») for pincher
length /. € {0,15,30,60} mm and Lo = 180 mm are shown
in Fig. 3(b). Increasing /. expands the theoretical SWVT
resonance space (F L F 2), increasing the overlap with the
vowel formant space (Fy,F>) observed for /. = 0 mm. The
overall position of (F 1, F 2) remains largely unchanged, con-
firming the statement in Sec. III A 2) that the position is pri-
marily determined by the fixed length Ly = 180 mm. The
expansion is most pronounced in the direction perpendicular
to the statistical mean trend Fapean (F 1mean) [S€€ Fig. 3(a)],
such that the theoretical resonance space remains its tilted,
butterfly-shaped isosceles trapezium form, with its width
increasing as /. increases. Thus, overall, /. influences the
extrema statistics F ZM,(F 1stat)s Where stat € {min, max}.
Compared to /. = 0 mm, this can result in higher values of
either F | or F 2, but not both simultaneously. As a result, the
overlap with the vowel formant space (F,F,) remains con-
fined to a subregion of that space.

B. Two constrictions: SWVT subset
(Lo=180mm,I.1,x:1,P1,lc2,Xc2,P2)

This section examines how the theoretical resonance
space observed for a single constriction (Sec. IIl A) expands
in the case of two constrictions (pincher index i = {1,2} in
Fig. 1). The theoretical space (F,F,) for the SWVT subset

mean statistics

100 150 200 250 300
Ly [mm]
{Flmmn(L o) = 0.010LZ — 6.4L, + 1269

2.8Lg + 636

FIG. 4. Descriptive statistics of theoretical SWVT resonance space (F 17F ») for subset (Lg, [, = 0 mm, x., P) as a function of waveguide length Ly (in
mm) with 100 < Ly < 340 mm. Fitted quadratic approximations oth,a, and Fz‘m, (in Hz) with stat € {mln max, mean}
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FIG. 5. Theoretical SWVT resonances (151, 152) vs formants (Fy,F,) for
—Lo <xc1, Xep <0mm and 0% < Py, P, <99% (Lo = 180mm): (a)
SWVT subsets for /., = [.» = 0mm, one constriction (P, = 0%) vs two
constrictions (P, # 0%); (b) SWVT subset for /.1, I, € {0,30} mm for
two constrictions. (a) l.,; = l.o = 0mm. (b) /.1, /> € {0,30} mm.

(Lo = 180mm, I, 1,x.1,P1,lc2,%2,P2) is compared to the
vowel formant spaces (F, F3).

Figure 5(a) shows the theoretical SWVT resonance
space (F\, F,) for [ = leo = 0mm (P, # 0%), alongside
the resonance space for a single constriction (P, = 0%).
The overall position of the resonance space, whether for one
or two constrictions, remains unchanged. This confirms the
previous section’s (Sec. III A) finding that the position is pri-
marily determined by the fixed length Ly = 180 mm.
Nevertheless, the size of the resonance space is expanded in
all directions, resulting in a significant improvement in its
overlap with the vowel formant space (Fy,F,), although it
remains localized based on L.

Figure 5(b) illustrates the effect of increasing the
pincher extent /. 1, [.», or both from 0 to 30 mm. This leads
to a further expansion of the resonance space in all direc-
tions, improving its overlap with the vowel formant space
(F1,F>), even though the waveguide length L, remains fixed
at 180 mm. Notably, the theoretical SWVT resonance space
(F1,F,) either reaches the boundary of the French vowel
resonance space or overlaps at least partially with American
English vowels in the (Fi,F,) space. This is clearly
observed for vowels such as /i/, /a/, and /e/ in Fig. 5(b).

IV. SWVT vs LITERATURE: AREA FUNCTIONS

As shown in Sec. III, the SWVT framework can approxi-
mate the formants (Fy,F;) of American English and French
vowels using Ly = 180 mm. The analysis below identifies the
subsets of SWVT parameters (Lo = 180 mm, leqsXe1, P,
len,Xc2,P2) that achieve this approximation, along with the
corresponding SWVT area functions A (x).

The most direct method for selecting SWVT parameter
subsets and corresponding area functions A(x) for a given
vowel is to ensure that the resulting theoretical resonances
(ﬁ wa 2) lie within the target vowel’s space (Fy,F,). For
French vowels,” this method is referred to as the Calliope
criterion, and for American English vowels,! the Peterson
criterion. The ellipsoids representing vowel spaces exhibit
substantial variation due to intra- and inter-speaker differ-
ences, as noted in the introduction (Sec. I). As a result,
SWVT parameter selection is not unique. To address this,
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for American English vowels, an alternative criterion is pro-
posed based on area functions A(x) and formant frequencies
derived from a single adult male speaker, as reported by
Story.'? This approach is referred to as MRI (for area func-
tions) and Story (for formants), and is detailed in Sec. IV A.
For French vowels, however, only the Calliope criterion
is used.

A. SWVT-tailored area functions and resonance
invariants

Compared to the Peterson criterion, which uses a range
of vowel formant frequencies, the Story criterion, provides
fixed, well-defined formant values.'? However, these values
were obtained under specific, and possible variable, condi-
tions (MRI environment, temperature). On the other hand,
the corresponding VT area functions A(x) (MRIy) vary in
length L from 161 to 196 mm. In this section, these MRI-
based VT area functions A(x) (MRI,) are adapted to fit
within the SWVT domain. This is done by reshaping them
to satisfy the condition A(x) <Ay over the interval
—Lyp < x <0, where the reference length is Ly = 180 mm
and the maximum cross section area is Ag = 490 mm? (see
Fig. 1). This approach allows for the derivation of a refer-
ence set of theoretical resonance invariants, offering an
additional criterion for selecting SWVT parameters.

1. SWVT tailored area functions: MRI,, MRI,

The first type of SWVT-tailored area functions, denoted
MRI; (supplementary material Fig. 2 for /i/, /a/, /u/, and /
¢/), is obtained by rescaling the longitudinal dimension with
a factor o, = Ly/L, ensuring that the adjusted length equals
the reference length Ly; either stretching (o, > 1) or com-
pressing (o, > 1) the x-dimension. Additionally, any cross-
sectional area exceeding Ay is capped at Ay. This threshold-
ing preserves the original cross section where A(x) < Ag,
while reducing values that exceed Ag.

The second type, denoted MRIy; (supplementary mate-
rial Fig. 2 for /i/, /a/, /u/, and /¢/), also rescales the x-dimen-
sion by o, but further adjusts the cross-sectional areas by a
factor a4 = Ag/max(A(x)). As a result, the MRI functions
conform to the full SWVT domain, with both the length
equal to Ly and the maximum cross-sectional area equal to
Ap. Unlike MRI;, this method modifies the cross section
along the entire x-range; either enlarging it (ay > 1) or
reducing it (x4 < 1), depending on the original area function
MRI,,

2. Theoretical resonance invariants of MRI,, MRI,

Section III outlined that theoretical resonances (F, F,)
depend on the degree of area reduction (impact P, ), the
length of the constricted portion (impacts /.; and /.,), and
the waveguide length (impact Lj). The SWVT-tailoring of
MRI,, as described in Sec. IVA1, involves both area
scaling—which influences the degree of constriction—and
longitudinal scaling—which affects both the waveguide
length and the length of the constricted region(s). As a
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result, the theoretical resonances for MRI,, MRI;, and MRIy;
may differ.

The theoretical resonance space (F LF ») for area functions
MRI,, MRI;, and MRIy;, along with reference formant values
(Fy,F,) (Story'?) for 10 vowels, is shown in Fig. 6(a). While
all four data points for each vowel lie within the same gen-
eral region, noticeable differences are present. For MRI-
based geometries, these discrepancies may be linked to the
magnitude of the scaling factors (o, 4), as seen for vowels
like /a/ and /u/. As mentioned previously, discrepancies
between theoretical resonances obtained for MRI, and formants
can be partly attributed to different measurement conditions.

Observed differences (Fig. 6(a)) between theoretical
resonances F ; for MRI,, MRI;, and MRIy; and formants F;
for each vowel are quantified considering the mean relative
absolute difference (Er, relative difference in short) with
respect to N formants F; with index i in the set {iy,...,i,}
obtained as

1 F;—F;
Eri i =— |Fi| 3)
1

i€{i,in}

For each vowel, relative differences Er; and Er, are shown
in Fig. 6(b). The difference Er, remains below 15%, while
Er| can reach up to 25%. Overall, discrepancies between
vowel formants and theoretical resonance frequencies are all
of the same order of magnitude, including those from the
SWVT-tailored area functions MRI; and MRIy;. Therefore,
these theoretical resonances F;, defined under well-specified
conditions, serve as resonance invariants and can be effec-
tively used for SWVT parameter selection for a given
American English vowel. In Sec. IV A 3, MRIj; resonance
invariants are used to select SWVT parameter for a single
pincher imposing one constriction.

3. SWVT parameter selection with respect to
resonance invariants from MRI,,

Relative differences Ery, between the theoretical resonan-
ces of the SWVT reference subset (Lo = 180 mm, /. =
0mm, x., P) and the vowel formants (Fy, F,) (i.e., the Story
criterion'?) for /a/ are shown in Fig. 7 (and in supplementary
material Fig. 3 for /i/, /a/, and /u/). The SWVT parameter set
minimizing Ery, is highlighted in the zoomed-in range 15% <
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FIG. 6. For MRI,, MRI;, and MRI;:
(a) Theoretical resonance frequencies
(F\,F,) and formants (Fy,F5)
(x, Story) (Ref. 12). (b) Relative
accuracy Er; and Er, with respect to
formants (F1,F>). (a) (Fl,ﬁg), (b)
E)”] N El'z.
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Er;; <30% and the selected SWVT parameters (x., P) are
indicated. In general, selected configurations exhibit severe
constrictions degrees P > 98% and constriction positions shift
from front to back in agreement with vowel area functions
A(x) associated with MRI,,.

Using vowel formants (Fy, F») (i.e., the Story criterion)
to compute the relative differences is considered a poorly
defined selection criterion due to inter- and intra-speaker
variability. Therefore, relative differences Erj, with respect
to theoretical resonance frequencies F; from MRI, (the
MRI criterion) and resonance invariants from MRIj; (the
MRIy; criterion) (see Sec. IVA?2) are assessed as well.
The comparison of minimum relative differences obtained
for these three selection criteria on the SWVT subset (L
= 180 mm, 1., x., P) for constriction lengths /. < 60 mm is
plotted for /a/ in Fig. 7(b) (and in supplementary material
Fig. 4 for /i/, /a/, and /u/). All three selection criteria exhibit
consistent trends with respect to the choice of /., confirming
that the resonance invariants from MRIy; are suitable for
SWVT parameter selection. The overall minimum of the rel-
ative differences Erj»(l.) occurs at a shorter /. &~ 20 mm for
/u/, compared to /. > 50 mm for /i/ and /a/. This is consistent
with reported area functions MRI,.'?

B. SWVT area function selection for vowels /i/, /al,
and /u/

SWVT area functions A(x) are selected by minimizing
the relative differences Erj, between theoretical SWVT

X
60 & —
S
140 a
~
8
0 2140 -130. 20 = 0 N
-171-141-111 -81 -51 - g :
171-141-111 -81 -51 -21 0 0 20 40 60
Z. [mm)] le [rom]
(a) (b)

FIG. 7. For /a/: (a) Relative differences Er, for theoretical resonances of
SWVT parameter subset (Lo = 180 mm, /. = 0 mm, x,, P) with respect to
formants (F;,F,) (Story) (Ref. 12) with min(Er;p) =17% for
X. = —142mm and P = 99% (arrow in zoom); (b) minima of relative dif-
ferences Erj, as a function of /. with respect to three criteria. (a) Erja, (b)
min(Er).
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resonance frequencies (F LF ») from the SWVT parameter
subset and reference frequencies for each vowel. The MRIyy
criterion is applied for American English vowels, so that ref-
erence vowel frequencies are the resonance invariants from
MRIy; (Sec. IV A 2). Results obtained from selected SWVT
parameters for American English vowels are plotted in
black, in accordance with the gray-shaded ellipsoids in the
vowel space. For French vowels, the Calliope criterion is
applied. Results obtained from selected SWVT parameters
for French vowels are plotted in red, in accordance with the
red-shaded ellipsoids in the vowel space (F,F>). To lighten
notations, the used criterion and formant space coloring is
omitted from figure captions and legends in this section.

Selected configurations for subsets of the SWVT
parameter space corresponding to configurations with one
(Sec. IVB 1) or two constrictions (Sec. IV B 2) are consid-
ered. Results are presented for the American English and
French vowels /i/ (front constriction in MRIy), /a/ (back con-
striction in MRI,) and /u/ (center and front constriction in
MRIy). Following Sec. IV, Ly = 180 mm is held constant
and the length is not further considered.

1. One constriction: SWVT selections in
(Lo=180 mm,I.,x.,P)

Theoretical resonances (F,F,) associated with
selected SWVT area functions A(x) (Fig. 5 of the supple-
mentary material) for the parameter subset (Lo=
180 mm, I, = Omm, x.,P) are shown () in Fig. 8(a).
Overall, the tendencies for American English and French
vowels are similar. For the vowel /a/, the constriction is
located near the back (the glottis) at
—165 < x. < —144mm, with P = 96%. For /i/, the con-
striction is near the front (the lips) at —57 < x, < —51 mm,
with 96 < P < 99%. For /u/, the constriction lies near the
center of the waveguide at —124 < x. < —113mm, with
P = 99%. These observations are consistent with literature.
However, selected SWVT area functions A (x) exhibit con-
strictions slightly upstream (i.e., further back) compared to
those observed in VT area functions A(x) (MRI,). As in
Sec. III A, the theoretical resonances (ﬁ 1,F ») do not reach
the target vowel spaces for /i/ and /a/. However, for /u/, the
resonances fall within the expected vowel space for both
American English and French, supporting the relevance of
the proposed selection criteria.

= 2000 *L_ = 2000 *z?l
< e . g < |07 .
h51000';;,_ 4 51000 g a
300 400 500 600 700 300 400 500 600 700
Fy, By [Hy Fy, Fy [He
(a) (b)

FIG. 8. Theoretical resonances (ﬁ 1,ﬁ 2) of selected SWVT area functions
A(A) (Lyp = 180 mm) for American English (black) and French (red) vowels
/i/, /a/, and fu/ from SWVT subsets: (a) (Ic, x., P) with I. = 0mm (),
l. =30mm (+), and I. = 60mm (*); (b) (Ic.1, Xc1, Pi, leo, X2, Pa) with
len=1Ilp=0mm (), I,y =1, =30mm (), and I.,/.» € {0,30} mm
Wlth l(‘.l 7£ l('.2 (+) (a) (llrax(:a P)v (b) (l('.17 Xed, P11ll'.2', Xe2s PZ)

278  J. Acoust. Soc. Am. 159 (1), January 2026

Theoretical resonances (1’3 L F ») associated with
selected SWVT area functions A (x) (Fig. 6 of the supple-
mentary material) for the parameter subset (Lo =
180 mm, I, € {30,60} mm, x., P) are shown (+, %) in Fig. 8
(a). Thus, the influence of /. > 0 mm is assessed. Similar to
the case of /. = Omm, the same general tendencies are
observed for both American English and French vowels. For
the vowel /a/, the constriction is located near the back (the
glottis) between 155 < x, < 130mm with 96 < P < 99%.
For /i/, the constriction is positioned near the front (the lips)
at 52 < x, < 58 mm with 93 < P < 96%. For /u/, the con-
striction lies toward the center of the waveguide, at
140 < x. < 125 mm with P = 99%. As with [. = Omm, all
SWVT area functions A show constrictions located slightly
upstream (i.e., toward the back) relative to those observed in
the VT area functions A(x) (MRIp). As found in Sec. IIT A,
increasing the constriction extent (/. € {30,60} mm), ena-
bles theoretical resonances (ﬁ L F 2) to reach the target
vowel spaces for /u/ as well as for /i/ and /a/. The resonances
obtained for /, = 30 mm or /. = 60 mm are closely adjacent.

2. Two constrictions: SWVT selections in
(Lo=180mm, 1. 1,x.1,P1,lc2,%x.2,P2)

Theoretical resonances (F,F,) associated with
selected SWVT area functions A(x) (Fig. 7 of the supple-
mentary material) for the parameter subset (Ly=
180 mm, 1. ; = 0mm, xc 1, Py, Lc2 = 0mm, X¢2, P2)
are shown (¢) in Fig. 8(b). As in Sec. III B, the theoretical
resonances (F L F ») do not reach the target vowel spaces
for /i/, /a/, though they do fall within the correct region for
/u/ in both American English and French. The influence of
adding a second constriction varies by vowel:

* For /a/, where the VT area function A(x) (MRI) typically
shows a single constricted portion, the SWVT area func-
tion A(x) forms two closely spaced constrictions, effec-
tively increasing the extent of the constricted region
(though not uniformly).

For /u/ and /i/, which show up to two constrictions in the
VT area function A(x) (front and back for /i/; center and
front for /u/), SWVT area functions A(x) either display
two closely spaced constrictions—broadening the con-
stricted region—or two more widely spaced constrictions,
which replicate the presence of a second constriction.

As with the single-constriction SWVT configurations (see
Sec. IVB 1), all SWVT area functions A (x) show constrictions
located slightly upstream (i.e., further back) compared to those
observed in the VT area functions A(x) (MRI). Importantly,
adding a second constriction does not significantly improve the
accuracy of the results compared to single-constriction models,
particularly when /. > 0 mm.

Theoretical resonances (F,F,) associated with
selected SWVT area functions A(x) (Fig. 8 of the supple-
mentary material) for the parameter subset (Lo = 180 mm,
le1,Xe1, Pi,Leo, X, Pa) for either I.; =1, =30mm or
le1,lc2 € {0,30} mm with /.; # [, are shown (x, +) in
Fig. 8(b). Increasing the constriction length allows the
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theoretical resonances (F 1,F ») to reach the target vowel
spaces, which confirms findings in Sec. IIIB. As for
1 = l.p = O0mm, the second constriction is either adjacent
to the first one in order to extent the constricted region or
widely spaced in order to reproduce a second constriction
location.

V. EXPERIMENTAL METHODS
A. Experimental setup and data analysis

The setup in Fig. 9 is designed to measure acoustic
pressure at various positions x, (x, € {—5,—37, —60} mm)
along the centerline of the waveguide under test (rigid or
deformable).>* The waveguide is positioned within an insu-
lation chamber (Décibel France, working dimensions
118 x 65 x 95cm, volume 0.73 m3). A compression
chamber (Monacor KU-916T) is connected to its inlet at
x = —Ly via an adapter featuring a centrally positioned
communication hole (2mm in diameter and 6 mm in
length) through which a 30-s linear frequency sweep (fre-
quency range from 0.1 up to 6kHz) is repeatedly emitted
into the waveguide. A rigid Plexiglas rectangular baffle
(365 x 352 mm in the yz-plane, with a thickness of 5 mm)
is attached at the waveguide exit located at x = 0. This baf-
fle approximates the infinite baffle assumption used in the
theoretical acoustic model (see Sec. II B) and, unless stated
differently, imposes a circular exit condition to the
waveguide.

Data generation (sweep signal V; in V) and acquisition
of acoustic pressure (V, in V), and wall displacement
(Aa > 0 in mm) occurs as outlined in Eliraki,34 so that the
acoustic pressure amplitude (|P,,(f)[) as a function of fre-
quency f at each probe position x, can be obtained.***
Measured acoustic waveguide resonances, denoted f,-, are
identified at frequencies corresponding to peaks in the
acoustic pressure amplitude (in dB). The temperature during
experiments (21 to 28 °C) can differ from 21 °C accounted
for in the theoretical acoustic model (Sec. II B). Subsequent
differences between measured and theoretical resonance fre-
quencies can reach up to 2%.

Insulation chamber, 0.73 m?

Lp
= —51 mm

L
TeiN,Aa(t, xr)
amplifier g— DAQ K—{ conditioner

FIG. 9. Setup (xz-plane) for measuring the acoustic pressure [V, (,x,), V]
along the centerline of a waveguide [(P, x., [.);, pincher index i € {1,2}]
at probe position x,, following a source excitation signal V() (V) transmit-
ted via an adapter. The wall displacement along the major axis Aa (mm) is
measured using a laser transceiver at position xz .
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B. Experimental waveguides
1. Rigid (R) and molded (M) waveguides

Rigid (R) waveguides are 3D fabricated using 3D printing
(RAISE3D Pro3, accuracy =0.01 mm), ensuring precise repro-
duction of the intended waveguide geometry. This includes
rigid waveguides based on VT area functions A(x) (MRI),
SWVT-tailored VT area function geometries (MRI;, MRIy,
see Sec. IVA 1) and selected SWVT area functions A (x) for
the American English vowels /i/, /a/, /u/ (see Sec. IV B).

Deformable molded (M) uniform cylindrical wave-
guides (Lo = 180mm, Dy = 25 mm, dyp = 3 mm), matching
the SWVT dimensions shown in Fig. 1, are molded using a
custom-designed mold and elastomer silicone mixture
[Dragonskin (Smooth-On Inc.)].3* SWVT parameters can be
applied to these deformable waveguides using a custom-
built, controllable squeezing apparatus,**** which is
installed within the insulation chamber (Fig. 9). The pinch-
ers, designed to impose /. € {0,30,60} mm, are 3D printed
(RAISE3D Pro3, accuracy =0.01 mm) to match the required
SWVT parameters. Selected SWVT area functions A (x) for
the American English vowels /i/, /a/, /u/ (see Sec. IV B) can
be replicated using the deformable molded waveguide.

In contrast to the theoretical exploration of the SWVT
parameter space presented in Secs. III and IV, the experi-
mental setup imposes physical constraints near the inlet (at
x = —Loymm) and outlet (at x = Omm) due to the connec-
tion of the waveguide with the source (at x = —Ly mm) and
with the baffle (at x = O0mm). For a waveguide with
Lo = 180mm, this reduced the theoretical x.-range from
—180 < x, < O0mm to the experimental x.-range:

o —155+1/2<x.<—-15—1./2mm for molded (M)
deformable waveguides,
¢ —180 < x, < —15 — I./2mm for rigid (R) waveguides.

Constriction degrees up to full closure can be applied
for deformable (M) waveguides. However, for rigid (R)
waveguides, fabrication is not feasible for constriction
degrees exceeding P > 96%. This constrains the range of
experimentally achievable SWVT configurations and thus
restricts the experimentally assessable resonance space
(F\,Fy) (Fig. 9 of the supplementary material). In the case
that selected SWVT parameter subsets for a given American
English vowel, based on the MRIy-criterion (see Sec. IV B),
are experimentally not feasible, SWVT parameters are re-
selected using the formant space-based Peterson-criterion
(Table I of the supplementary material).

2. Major axis validation for molded waveguides

The analytical model used to represent the SWVT
waveguide geometry (see Sec. II A) was previously vali-
dated for deformable molded (M) waveguides with one or
two pinchers, using /.| = l.» = 0mm.>**? In this section,
the validation is extended to cases where /. > O mm, by
comparing SWVT theoretical values and experimental
measurements of wall displacement Aa as a function of
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FIG. 10. Mean relative error (in %) as a function of P (in %) between the
measured major axis a ~ Aa +ay and theoretical major axis a for
I. € {0,30,60} mm.

constriction degree P and normalized position (x, — x
—1./2)/ap (Fig. 10 of the supplementary material). The
mean relative error between the theoretical major axis a
and the measured values a ~ ap + Aa (see Fig. 1) as a
function of P for I. € {0,30,60} mm is shown in Fig. 10.
For [, ={0,30} mm, the experimental and theoretical
results show good agreement across all values of P, with
relative difference remaining below 5% and following
similar trends. For /. =60mm, good agreement is
observed for P < 70%, with relative differences around
5%. However, for P > 70%, the discrepancy increases,
likely due to physical constraints discussed in Sec. VB 1.
Nevertheless, since all mean differences remain below
10%, the theoretical geometrical waveguide model is con-
sidered to accurately represent the deformation of molded
(M) waveguides using the experimental setup described in
Sec. V for /. > Omm.

VI. SWVT VALIDATION: /I/, /A/, AND /U/

Experimental resonances f; of rigid (R) and molded (M)
waveguides detailed in Sec. VB 1 are compared to theoretical
resonance frequencies F; in order to validate the SWVT
framework. As VT area functions A(x) (MRI) are available
for American English only, the experimental validation
focuses on the American English vowels /i/, /a/, and /u/.

A. Rigid MRIl, waveguides

Experimental resonance frequencies (f,,f,) of rigid 3D
printed MRI, waveguides (MRI;") are plotted in Fig. 11.
For all three vowels, experimental values validate theoreti-
cal values F; for MR, as discrepancies are small. This pro-
vides an additional validation of the theoretical acoustic
model used in the SWVT framework for the shown fre-
quency range shown (up to 2.5kHz). In Sec. VIB, rigid (R)
and molded (M) waveguides obtained with selected SWVT
parameters are considered.

B. Rigid and deformable SWVT waveguides

As outlined in Sec. VB 1, rigid (R) and deformable
molded (M) waveguides shaped with selected SWVT
parameters are experimentally evaluated for each of the
American English vowels /i/, /a/, and /u/. Multiple wave-
guides are assessed per vowel (Table I of the supplementary
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FIG. 11. Experimental resonance frequencies (f,,f,) of rigid 3D printed
MRI, waveguides (MRIS™®); theoretical resonances (Fi,F;) for MRI,
MRI;, and MRIy; formant spaces (F, F,) for the American English vowels
/i/, /a/, /u/, along with reference formants (x, Story).

material), depending on the specific SWVT parameter sub-
set used for selection (Sec. IVB) and the experimentally
accessible parameter range (see Sec. IV B 1). Waveguides
are labeled as /a?&)[(/, /izfs,)l(,/’ /u?s’)]l / with superscript * €
{M, R} indicating the wall material and, where appropriate,
s indexing selections from similar SWVT parameter subsets.

For deformable molded waveguides (M), the first reso-
nance frequencnyM is plotted. This frequency is defined to
reflect the effects of vibro-acoustic coupling with a wall
vibration frequency (= 200 Hz) specific to the experimental
setup, which only occurs in molded waveguides.** This cou-
pling leads to amplitude modulation that shifts the first reso-
nance to a lower frequency f,, (around 210Hz) and
generates an additional resonance fl.h (around 640 Hz). For
molded waveguides, this modulation is accounted for by
defining the first resonance as f,, = |f,, —f,|. Thus,
(f1m-f>) are reported for molded deformable WaVeguides,
while (f,,f,) are reported for rigid waveguides.

1. One constriction SWVT configurations

Experimentally measured resonance frequencies
f 1<’M),f2) for one constriction configurations are presented
in Fig. 12(a) ( full and zoomed view in Fig. 11 of the supple-
mentary material), based on the SWVT parameter subset
(Lo = 180mm, 1. € {0,30,60} mm,x.,P). Overall, the
measured resonances for rigid waveguides (4) closely
match or even overlap with the theoretical SWVT resonan-
ces ([]). Since the SWVT parameters were selected to
approximate the target vowel formants, this agreement vali-
dates the SWVT framework for one constriction configura-
tions with Ly = 180 mm and /. < 60 mm.

Discrepancies are observed between the measured reso-
nances for deformable waveguides () and both the theoreti-
cal SWVT resonances ([]) and the ones measured for rigid
waveguides (+). While these discrepancies remain limited,
or even negligible, for the American English vowels /a/
(e.g., @l in proximity to af) and /u/ (e.g., ”%,0 near ”50‘0)’
they become pronounced for /i/. For instance, comparing
resonances for ig{30’69 and for i§’30760, this discrepancy is
entirely due to a shift in the first resonance frequency, i.e.,
between f, and f,ﬁM. Since the first resonance frequency
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FIG. 12. Theoretical (ﬁl ,F5) and measured resonance frequencies (/?1,11/17?2) for deformable (M) SWVT waveguides and (f,,f,) for rigid (R) waveguides

(SWVT, MRI;") with length Lo = 180mm; formant spaces (Fy,F,):

(a) one constriction (P =0%) cases selected from SWVT subset

(Lo, I. € {0,30,60} mm, x., P); (b) one (P, = 0%) and two (P, # 0%) constriction cases, selected from SWVT subsets (Lo, /. € {0,30} mm, x., P)
and (Lo, Iy € {0,30} mm, x.1, Py, l.» € {0,30} mm, x5, P,) with .y = l.2. (a) P = 0%, (b) P = 0%, P, # 0%).

associated with selected SWVT parameters for /i/ is rela-
tively low compared to /a/ or /u/, it is hypothesized that
vibro-acoustic coupling prevents the first resonance fre-
quency fl‘M to reach low F 15350Hz. Nevertheless, the
measured results support the validity of the SWVT frame-
work for configurations characterized by F 2,350 Hz.

2. One and two constriction SWVT configurations

Experimentally measured resonance frequencies
(f1.14-f 2) for both one (P, = 0%) and two (P1, # 0%) con-
striction configurations are presented in Fig. 12(b). These
are based on selections from the SWVT parameter subset
(Lo = 180mm, I € {0,30} mm, x., P) for one constriction,
and (Lo=180mm,l.; €{0,30} mm,x.,P1,l.2€{0,30}mm,
Xc2,P2) with le1=I., for two constrictions.

All measurements are obtained using deformable
molded waveguides, withfl,M ,§ 350 Hz, consistent with the
findings for one constriction configurations described in
Sec. VIB1. Overall, 3505 f,, S480Hz is observed.
Notably, when comparing, for example, iOM (°, P12 # 0) and
iflw(z)ﬁo (s, P2 = 0) or uyy (°, Pro # 0) and ity (=, P, = 0), it
is evident that introducing two constrictions extends the
experimentally accessible f,-range to both higher (as
observed for i) and lower (as observed for u¥) frequencies.
This confirms the theoretical trend described in Sec. III B.

VIl. SWVT VALIDATION: CONSTRICTION FEATURES
A. Influence of pincher extent, /.: One constriction

Both the theoretical SWVT resonances (Sec. III) and
experimental results (Sec. VIB) support the conclusion that
the constriction length /. contributes to achieving the target
vowel formant space. Therefore, the influence of the con-
striction extent /. < 60mm is experimentally investigated
using a molded waveguide with a fixed length
Ly = 180 mm, for one constriction configurations. The con-
striction position is fixed at x, = —90 mm, centered within
the waveguide, to minimize the potential impact of physical
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constraints at the inlet or outlet, as outlined in Sec. VB 1.
For each assessed [., the constriction degree P is varied
from 0% (no constriction) to 99% (near full closure). The
measured values of f,,,(P) and f,(P) for this SWVT
parameter subset (Lo = 180mm, /. € {0,30,60} mm, x,
= —90mm, P) are plotted in Fig. 13. The general trend
observed for both £ ,,(P) and f,(P) is not altered by varia-
tions in /... '

The first resonance frequency f,,(P) gradually
increases (despite that fluctuations are obsérved), reaching a
maximum around P = 80%, after which it declines rapidly
with further increases in P. This peak is more pronounced
for /. = 60 mm, while the subsequent decline is steeper for
lc =30mm. The frequency range 435 <f ,,(P) $465Hz

<[, = 30 mm

0 2 40 60 80 100

P[%]
(b
FIG. 13. Resonance frequencies of a molded waveguide (Ly = 180 mm)
with one constriction at x, = —90mm for /. € {0,30,60} mm and

0 <P <99%: @) F 1 y(P), 0) F2(P). @ F 1 y(P;1le), (0) Fo(P;Le).
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observed for [, =0 mm extends by ~70Hz to
400 S y(P) S470Hz for [, > Omm. For the second reso-
nance frequency f,(P), a general decrease is observed
with increasing P, with the most pronounced decline occur-
ring at /. =30mm. The range 1250 <f,(P) < 1400 Hz
for [, = 0mm also expands by ~ 70Hz to 1180 Sf,(P)
<~ 1400Hz for [.>Omm. These results confirm that
increasing the constriction length broadens the frequency
ranges associated with both the first and second resonance
frequencies.

B. Influence of constriction spacing, S;: Two
constrictions

Both the theoretical SWVT resonances (Sec. III) and
experimental results (Sec. VI B) support the conclusion that,
in two constriction configurations, the spacing between con-
strictions contributes to achieving the target vowel formant
space. Therefore, the influence of constriction spacing,
defined as S, = |x.2| — |x.1| (in mm), is experimentally
assessed. Concretely, resonance frequencies are measured
using a molded waveguide (Lo = 180mm, /.| =/l.»
= 0mm) with P, fixed either at 77% or 90%, while P,
€ {77,85,90,93,96} % is varied for each spacing value in
S. € {30,60,120} mm. Large constriction degrees are
assessed, as they characterize the selected SWVT parame-
ters used to represent vowels [and typical vowels area reduc-
tion degrees min(A(x))/Ag ~ 93% — 97% (Fig. 1 in the
supplementary material)]. The constriction spacing is sym-
metrical centered around x = —56.23 mm. The measured
values of f ,,(P) and £, (P) are presented in Fig. 14.

OPy =T1%; S. = 30 mm &P, = 90%; S, = 30 mm
=Py =T7%;S. = 60 mm =P, = 90%; .S, = 60 mm

460 p, — 779%: 5. = 120 mm P> = 90%. 5, = 120

=440/
=~ o X
5420 o— ®
B
.—/\
400 —— =59
80 85 90 95
P1[%]
(a)

Py =T7%;S. = 30 mm &P, = 90%; S, = 30 mm
Py = T77%; Se = 60 mm =Py = 90%; S, = 60 mm
1800 Py = T7%; Se = 120 mm P, = 90%; S, = 120 mm

~16006— ©
o=}
waldoof

3
1200 %\

80 85 90 95
P1[%)

(b)

FIG. 14. Resonance frequencies of a molded waveguide (Ly = 180 mm,
l.1 =1., =0mm) for two constrictions spaced symmetrically around
x=-5623mm. P, is fixed at 77% or 90%, while P,
€ {77,85,90,93,96} (in %) is varied for each constriction spacing value
S. € 430,60, 120} mm:  (2) F1y(PiiSe,Pa), () Fo(PiiSePa). (a)
f],M(fPHSmPﬁ, () f2(P1;Se, Pa).
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The impact of S. on the first resonance frequency
f,’M(Pl) becomes more noticeable as S, increases.
However, for S. < 120mm, the overall effect on the fre-
quency range of fl,M remains limited, with an extension of
no more than § 50 Hz, regardless of P,. It is also observed
that varying P; can either decreasefl‘M (e.g., when increas-
ing P; from 85% to 90%) or increase it (e.g., when increas-
ing Py from 90% to 95%). Thus, compared to the influence
of I. on flvM—which was found (Sec. VII A) to extend the
frequency range by up to 70 Hz—the influence of S, is
similar or slightly smaller magnitude. Therefore, findings
for f,,, support the statement in Sec. IV B2, that adding a
second constriction does not significantly improve the accu-
racy of the results compared to single-constriction models,
particularly when /. > 0 mm.

For closely spaced constrictions (S, € {30,60} mm),
the second resonance frequency f, remains fairly constant,
varying by no more than approximately 70 Hz, regardless of
P> and P;. In contrast, for widely spaced constrictions
(S, = 120mm) f, decreases by approximately 200 Hz with
increasing P;, independent of P,. Furthermore, increasing
the spacing from 30 to 120 mm reduces f, by around 300 Hz
for Py = 77%, and by up to 600 Hz for P; = 96%, regard-
less of P,. These results demonstrate that, at high constric-
tion degrees, the spacing between constrictions can have a
substantial impact on the observed second resonance fre-
quency f,, thereby supporting the conclusion in Sec. VIB 2
and illustrated in Fig. 12 (comparing i}/ where P, # 0%,
with i11”(2)70, where P> = 0%).

C. Measured resonance frequencies: Influence of /.
and S,

Figure 15 (zoomed views in Fig. 12 of the supplemen-
tary material) presents an overview of the measured reso-
nance frequencies (f,,f,), illustrating the influence of
constriction length /, (ohe constriction configurations, black)
and constriction spacing S, (two constriction configurations,

©3093077
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FIG. 15. Measured resonance frequencies (f 1M,fz): Influence of pincher
extent length /. for one constriction configurations (black symbol and P)
and constriction spacing S. for two constriction configurations with
leq = l.o = Omm (non-black symbol and S. ).
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non-black), as discussed in Secs. VIIB and VIIC, respec-
tively. Overall, the color clusters indicate that these parame-
ters allow exploration of distinct regions within the
resonance space (f; ,/,f»). This demonstrates the relevance
and utility of these parameters within the SWVT
framework.

The measured first resonanceflvM varies from 390 up to
470 Hz, while the second resonance f, spans from 1100 up
to 1800 Hz. This frequency range allows to reach up to the
ellipsoids associated with American English vowels.
However, the region where f | ), 2 420Hz and f, 2 1500 Hz
coincide is not explored by the experimentally assessed
parameters. This omission is partly expected, given that the
experiments were conducted using a waveguide of fixed
length LO = 180 mm. As discussed in relation to Fig. 3(a)
(Sec. IIT A2), varying Ly enables exploration of the vowel
formant space along the direction corresponding to the mean
trend F mean (F 1mean), Which aligns with the unexplored
region observed in Fig. 15.

VIil. CONCLUSION

Overall, the theoretical SWVT resonance space
(F1,F,) for one constriction, defined by the SWVT subset
(Lo, ¢, xc, P), forms a tilted, butterfly-shaped isosceles tra-
pezium. Its position and overlap with the formant space
(Fy,F,) are influenced by the waveguide length Ly, which
shifts the mean position of (F,F,), and by the minimum
constriction length /., which affects the spacing of the
extrema and thus the width of the SWVT resonance space.
The same tendencies were observed considering two con-
strictions. It was demonstrated that when increasing the
extend length of at least one of the two pinchers, the SWVT
framework approximates the formants (Fy, F,) of American
English vowels using Ly = 180 mm.

This motivates the investigation of selected SWVT
parameter subsets for these vowels by introducing a well-
defined objective selection criterion (MRIy) based on the
theoretical resonance frequencies, or resonance invariants,
derived from the VT area functions reported by Story,
adapted to the geometrical domain of a cylindrical uniform
waveguide with a fixed length of Ly = 180 mm. The general
features of the SWVT area functions corresponding to the
selected parameters under the MRIy-criterion, such as
severe constriction degree and constriction location, are con-
sistent with those observed in the VT area functions.
However, to fully cover the vowel formants space, the
SWVT parameter subset must either include constriction
lengths /. > 0 mm within one constriction configurations, be
extended to include two constriction configurations, or
account for both (i.e., two constriction configurations with
le12) =2 O0mm). This underscores the relevance of the
parameters in the SWVT framework for examining the rela-
tionship between acoustic resonance frequencies and area
functions. For future studies it is of interest to compare
selected SWVT configurations with other geometric VT
models of vowels.
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Experimental validation was assessed using rigid and
deformable waveguides for selected SWVT parameter sets
representing American English vowels /i/, /a/, and /u/.
Overall, the experimental results align with theoretical reso-
nance frequencies, thereby validating the selected SWVT
parameter sets for both waveguide types. Notably, valida-
tion on deformable waveguides is particularly valuable, as it
enables the assessment of constriction degrees up to 99%, a
range not easily achievable with 3D printed rigid wave-
guides and offers the potential for dynamic variation of
SWVT parameters for (aero-)acoustic studies.

Beyond the immediate perspectives discussed above,
this work opens several promising directions for future
research. The SWVT framework provides a systematic
tool for exploring the relationship between vocal tract
geometry and acoustic resonances, and it can be readily
extended to additional vowels, consonants, or dynamic
articulatory gestures. Its simple yet flexible parametric rep-
resentation offers a robust foundation for researchers
developing computational or physical models of the vocal
tract. Furthermore, integration of the SWVT approach with
inverse-modeling or machine-learning techniques may
enable prediction of articulatory configurations from
acoustic data, with potential impact on speech synthesis,
articulatory phonetics, and clinical speech-therapy applica-
tions. The methodological concept demonstrated here—
controlling resonance frequencies through one or two
localized deformations of an otherwise cylindrical wave-
guide—also suggests applications beyond speech science.
Similar principles could inform the design of ducts, pipes,
and acoustic enclosures in automotive or aeronautical
engineering, where targeted resonance control is essential
for noise reduction, sound-quality enhancement, or rapid
prototyping. Overall, the SWVT framework not only
advances theoretical and experimental studies of speech
production but also provides a versatile tool with broader
relevance to engineering acoustics.*>™*°

SUPPLEMENTARY MATERIAL

See the supplementary material for a comprehensive
overview of used literature on vowel formants and area
functions, additional theoretical results for the SWVT
framework and details of its experimental validation.
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