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Influence of level difference due to vocal folds angular
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ABSTRACT:

Dysphonia is often caused by level difference between left and right vocal folds, which are positioned on different
angles with respect to the transverse plane, resulting in angular asymmetry. Unilateral vocal fold paralysis may
cause such angular asymmetry. In this case, the normal vocal fold is located on the transverse plane, whereas the
paralyzed vocal fold is rotated in the sagittal plane as its posterior edge is moved up to the superior direction. The
effect of such angular asymmetry (up to 25°) between the left and right vocal fold on the auto-oscillation is experi-
mentally studied using mechanical replicas. For all replicas, it is observed that, as full contact between vocal folds is
lost, increase of angular asymmetry results in a decrease of the signal-to-noise ratio, an increase of the total harmonic
distortion rate, and an increase of the oscillation threshold pressure. These general tendencies are in agreement with
clinical findings reported for vertical level difference during phonation. In analogy to the preceding experimental
study in which vocal folds are spaced in parallel with a vertical trade-off, a formula is proposed to describe the oscil-

lation threshold as a function of angular asymmetry. © 2020 Acoustical Society of America.
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. INTRODUCTION

Vocal folds (VF) asymmetry is reported as one of the
main causes of glottic insufficiency resulting in dysphonia.’
Glottic insufficiency is often caused by complete or partial
VF paralysis, such as unilateral vocal fold paralysis
(UVFP). UVFP has many causes and is characterized by
vocal fatigue and a breathy voice.'

Clinical examinations show that UVFP introduces left-
right asymmetries to the shape, tension, and positioning of the
VFs. Videostroboscopic imaging (Fig. 1) reveals that asym-
metrical positioning of the VFs in the sagittal plane prevents
complete glottal closure,' ™ which is suggested to be the main
physical cause of the observed breathy voice. The VF posi-
tioning asymmetry results from both the normal and paralyzed
VFs. In order to compensate for the reduced movement of the
paralyzed VF, the position of the normal VF in the inferior-
superior direction is changed. Consequently, a vertical level
difference between the left and right VF emerges, where the
paralyzed VF is often inclined in the sagittal plane (right VF
in Fig. 1) and the normal VF remains in the transverse plane
(left VF in Fig. 1) as described in the literature.>™
Quantitative characterization of this spatial asymmetry from
imaging on human subjects is extremely tedious.'™
Nevertheless, the vertical level difference during phonation is
reported® to yield several millimeters (i.e., 1.3 = 1.5 mm or up
to 3mm) for UVFP subjects. The effect of positioning asym-
metry on human vocalization cannot be studied independently
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from tension or shape asymmetry between left and right VFs.
In that sense, physical studies of auto-oscillation using
mechanical replicas are of interest when aiming at a system-
atic study of the influence of VF positioning asymmetry.

Recently,”” the impact of parallel level difference
between VFs, hereafter referred to as parallel level differ-
ence, was investigated. The preceding study, however, did
not take into account the inclination of the paralyzed VF,
which is physiologically closer to reality. Therefore, in this
work, the influence of the inclination of one VF is studied
(i.e., angular level difference). The normal VF is kept in its
transverse plane, whereas the paralyzed VF is rotated in the
sagittal plane so that its posterior edge is moved in the supe-
rior direction imposing a left-right VF asymmetry angle ().
Our aim is to systematically study the influence of asymme-
try angle o > 0° on the auto-oscillation of mechanical repli-
cas. Quantified objective oscillation features inform on the
effect of o on the oscillation system (threshold pressures,
oscillation frequency) as well as on overall spectral properties
[signal-to-noise ratio (SNR), harmonic distortion rate] also
used in voice quality studies.'>'* There have been numerous
studies on left-right asymmetry focusing on other VF proper-
ties such as tension and shape.®'" In the present study, sym-
metry of such properties is maintained so as to concentrate
only on the angular asymmetry between left and right VFs.

In the next section (Sec. II), VF replicas are introduced,
glottal replicas with left-right angular asymmetry are
described, and mechanical resonances are characterized.
Section III reports on experiments on fluid—structure
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FIG. 1. (Color online) Videostroboscopic image of unilateral vocal fold
paralysis. Adapted from Rosen and Simpson (Ref. 1) (page 29).

interaction and their results. To elucidate the oscillation
onset pressure, an analogy of the angle asymmetry to paral-
lel level difference is proposed in Sec. IV. The final section
is devoted to conclusions and discussions.

Il. REPLICAS
A. VFs replicas: M5, MRI, and EPI

Three deformable silicone VF replicas are used, labeled
M5, MRI, and EPI, respectively. A medio-frontal and top
view of symmetrically mounted VF replicas (o = 0°) and
layer thicknesses [, are illustrated in Fig. 2. The three repli-
cas differ due to their multi-layer composition as well as due
to their geometry. In the next paragraphs, first the different
layers are described, and next different casts are discussed.

Each silicone VF replica consists of an overlay of sili-
cone molding layers obtained following the procedure
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detailed in literature.*'>""" Concretely, two (MS), three
(MRI), and four layers (EPI) are superposed resulting in
three different VF replicas, labeled M5, MRI, and EPI,
respectively. The layers aim to reproduce the properties
(Young’s modulus &, thickness /;) of the different VF con-
stituents for an adult male:'®! the thyroid muscle (vocalis),
the superficial layer of the lamina propria (Reinke’s space),
the underlying ligament of the lamina propria without ten-
sion, and the epithelium. Each layer is composed as a mix-
ture of silicone thinner and two parts of either A&B Ecoflex
(03-00, Smooth-On, Inc., Easton, Pennsylvania) or two
parts A&B DragonSkin (FX Pro, Smooth-On, Inc., Easton,
Pennsylvania), labeled Ecoflex/Silicone (ES) and Dragon
Skin/Silicone (DS), respectively. The mixing ratio M (ES
or DS Part A: Part B: Silicone) differs between constituent
layers as detailed in Table I. The properties (tensile tests,
electromechanical press INSTRON 3369) of each layer are
detailed in Table I. Note that the values of &£ are consistent
with those reported in literature.*'3~"7

The M5 VF replica is a two-layer model reproducing
the muscle and superficial layer of the lamina propria (see
Table I) molded with the cast shaped in accordance with the
M5 geometry.'>!”?> The MRI replica has a three-layer
structure, obtained by adding a thin surface layer represent-
ing the epithelium to the two-layer structure of the M5 rep-
lica. This replica is molded using a realistic VF geometry
cast obtained from magnetic resonance imaging. The MRI
geometry adopts a trapezoidal shape in the transverse plane
as seen from the top view in Fig. 2, whereas the M5 replica
is rectangular. Therefore, the MRI shape is more complex
than the MS shape and more faithful to the shape of the
human VF. Note that, compared to the MRI VF replicas
reported in literature,™'>'” an epithelium layer is added in

a8 top view
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M5, MRI, and EPIL: (a) geometry, com-
position, and (b) layer thicknesses 1d.
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Muscle 6.4 mm

Backing 4 mm
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TABLE 1. Layer properties in human (Refs. 18-21) and in silicone VF replicas (M5*, MRI, EPI°): Young modulus &, ecoflex-to-silicone ratio M, layer

thickness /,. ES Ecoflex/Silicone mixture. DS Dragonskin/Silicone mixture.

Male adult (Refs. 18-21) VF replica
Layer & [kPa] Iy [mm] & [kPa] M -] 1y [mm]
Muscle 18-23+24 6.0 10.4%4.9° 21.9¢ ES 1:1:2°ES 1:1:4°ES 1:1:1¢ 6.4 10.0° 6.4°
Ligament 30-36 0.8 4.9¢ ES 1:1:4° 1.0°
Superficial 35-497.1 0.6 4.9%0.2%¢ ES 1:1:4ES 1:1:8%¢ 1.543.0° 1.0°
Epithelium 40-60 0.1 520¢ DS 1:1:1°¢ 0.15¢

“M5: muscle and superficial
°MRI: muscle, superficial and epithelium
“EPI: muscle, ligament, superficial and epithelium

this work. The EPI replica is molded with the M5 cast as
compared in Ref. 17. A four-layer structure is obtained by
inserting an extremely soft ligament layer between the
vocalis muscle and the superficial layer. An epithelium layer
is added to the superficial layer. Each VF replica is mounted
on a backing layer (DS, ratio M 1:1:1, thickness 4 mm) in
order to attach it to a rigid support.

B. Glottal replicas with imposed asymmetry angle «

Each VF is placed in a rigid holder that is adapted to
the M5, MRI, or EPI VF replica geometry. Dimensions are
summarized in Table II and depicted in Fig. 3 with largest
thickness E and smallest thickness e along the inferior-
superior direction, and length L along the posterior-anterior
direction. The right VF (normal) is fixed in the transverse
plane, whereas the left VF (paralyzed) is rotated so that its
posterior edge is lifted up in the superior direction resulting
in the left-right VF asymmetry angle o shown in Fig. 3. For
all glottal VF replicas, the rotation axis along the left-right
direction is fixed in the rigid holder at a =4.5 mm from the
anterior edge (Table II).

Experiments are performed for 13 different values of
left-right asymmetry angle o, ranging from o = 0° up to «
=24.6° affecting the glottal gap at rest. For symmetric
angular configuration (x = 0°), the glottal gap area in the
transverse plane is negligible as the VFs are in full contact
(Fig. 2). When « is increased, air leakage occurs through a
glottal gap in the medio-sagittal plane, since the VFs are no
longer in full contact, as depicted in Fig. 3 (red dashed

. E/2—¢ E
0 if tan(a)(L+a+ sin(oc))<2’

triangle). The triangular gap with area A, base /4, and height
h, appears near the posterior VF edge and extends toward
the anterior edge as o increases. In this sense, /, indicates
the glottal gap length in the posterior-anterior direction
between the normal right VF and the paralyzed left VF.
Note that /4 > L can occur due to the position of the rotation
axis at a distance a > 0 from the anterior VF edge, as shown
in Fig. 3(b). The degree of VF’s contact as a function of o is
then expressed as G € [0 1]:

0 it 1, >L,

lA(OC)

G(o) = b
L

ey

otherwise.

Three contact regimes (I, II, and III) are identified as o
increases: I) G = 1 when 1, =0 (i.e., full VF’s contact), II)
1 >G>0when 0 <[4 <L (i.e., partial VF’s contact), and
III) G = 0 when I4 > L (i.e., no VF contact). Note that full
contact (regime I) implies no air leakage and hence A =0,
whereas, for A >0, either partial contact (regime II) or no
contact (regime III) occurs depending on o. Two critical
angles oy, and oy are then defined: oy indicating the
largest angle, for which full contact occurs (shift from
regime I to II) and oy indicating the largest angle, for
which partial contact occurs (shift from regime II to III).
Analytic expressions for glottal gap area A(«), its associated
triangle base length /4(o), and triangle height A4 (o) follow
from trigonometric reasoning using geometrical VF replica
parameters L, E, e, and a:

@)
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TABLE II. Dimensional parameters (L, E, e, a) and critical asymmetry
angles o 17 (ir.ury for all replicas (M5, MRI, and EPI).

Replica L [mm] E [mm] e [mm] a [mm] o1 [°] o 1°]
M5 17.0 10.7 2.99 4.5 8.1 29.2
MRI 18.0 10.0 3.00 4.5 7.8 28.8
EPI 17.0 10.2 1.09 4.5 3.0 14.0
. E/2—e E
0 if tan(a){L+a+— <= or A=0,
sin (o) 2
ZA(O() = A(O{) .
- otherwise,
sin (20)
3)
so that s, depicted in Fig. 3(b) varies as
0 if I, =0,
ha(o) = ¢ 2A 4
4(2) (2) otherwise, @
Ia(t)

and thus ratio (ha/l4)(2) = 2A(2)/5().

For each replica (M5, MRI, and EPI), G(«) [Eq. (1)],
A(a) [Eq. (2)1, and Ay (o) [Eq. (4)] are plotted in Fig. 4. The
curves correspond to analytic expressions, while the sym-
bols indicate asymmetry angles (x < 25°) at which the
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P left
posterior
- anterior

E | |
inferior -
superior
right -

osterior
left il

- anterior

(b)

experiments were carried out. Critical angles oy and oy s
are summarized in Table II and plotted (vertical annotated
lines) in Fig. 4(a). Values of G(«), A(a), and o g7y 17,1y for
MS and MRI are close to each other, since their geometrical
parameters (L, E, e, and a in Table II) are similar. For EPI,
on the other hand, e yields about one-third of the value for
M5 and MRI so that glottal gap A(«) increases more rapidly
and VF’s contact degree G(o) reduces more rapidly than
those of M5 and MRI. As a consequence, in the range of our
study o < 25°, all three contact regimes occur for EPI as

ojfy < 25° (Table 1II), whereas regime III (no contact,

G = 0) does not occur for M5 and MRI, since oc%’f,’,’MS > 25°
holds (Table II). Considering that initial pre-phonatory glot-
tal gap area for healthy human speakers™ yields less than
5 mm?® [dashed horizontal line in Fig. 4(b)], it follows that
the glottal gap area for oo = 24.6° is increased by a factor of
8 (for M5) or more (for EPI and MRI). Height s, [Fig. 4(c)]
quantifies the maximum distance between both VFs along
the inferior-superior direction and therefore provides a
rough (since e is neglected) approximation for the vertical
level difference measured during disordered human phona-
tion® {i.e., 1.3 = 1.5 or up to about 3 mm [dashed horizontal
line in Fig. 4(c)]}. For o = 24.6°, the height of 44 &~ 6 mm
is twice as much as the value reported on humans. Thus, the
range of asymmetry angle « studied in our experiments com-
prises the range observed for human phonation. Note that
hs <3 mm corresponds to o < 13° for EPI and to o < 17°

inferior -

superior
posterior right -
- anterior left
(c)

FIG. 3. (Color online) Imposed asymmetry angle «, glottal gap parameters A, 1A, and hA and geometrical parameters E, e, L, and a: (a) glottal gap (red trian-
gle) for MRI replica with & = 20° (A ~ 32 mm?2, /4 ~ 14.2 mm and &4 =~ 4.6 mm), (b) sagittal view, (c) left vocal fold, (a) general superior view, MRI, (b)

sagittal side view, (c) medio-frontal view.
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FIG. 4. Geometrical characterization of M5, MRI, and EPI replicas as a
function of asymmetry angle o: (a) degree of contact G [Eq. (1)] and critical
angles oy qrin (vertical lines), (b) glottal gap area A [Eq. (2)] and
reported maximum normal pre-phonatory glottal area (Ref. 23) (5 mm2,
horizontal line), and (c) glottal gap height hA [Eq. (4)] and maximum verti-
cal level difference reported during human phonation (Ref. 3) (3 mm, hori-
zontal line). Symbols indicate experimentally assessed a values, (a) G(a),

(b) A(®), (c) ha(®).

for M5 and MRI. The ratio (h4/l4)(c) increases from O up
to 0.4 for all replicas, indicating that the height /4 of the
leakage triangle remains less than half of its base /4 for all «.

C. Mechanical characterization of replicas

Mechanical resonance properties of glottal replicas are
examined for symmetric angular configuration (o = 0°). A
shaker (Modalshop K2007E) equipped with a mobile bar
(length 230 mm and diameter 3.7 mm) is positioned so that
the free bar end is in contact with the VF replica. Sinusoidal
signals from 80 Hz to 350 Hz with a frequency step of 1 Hz
and a duration of 1s are fed to the shaker in order to excite
the structure. An accelerometer (PCB 482A21) is attached
to the mobile bar to measure the applied excitation x(f). A
laser (wavelength 635nm) and photo-diode (BPW34) are
aligned along the inferior and superior side of the replica,
respectively. The response y(¢) of the replica to the excita-
tion is then gathered from the photo-diode (BPW34) as the

1140  J. Acoust. Soc. Am. 147 (2), February 2020
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FIG. 5. (Color online) Estimated amplitude |H(f)| for the EPI replica with
o = 0° with resonance frequencies (f, f2) and bandwidths (AfM, AfM).

amount of laser light modulated by the replica varies during
excitation.

Frequency transfer functions H(f) = X(f)/Y(f), repre-
senting the ratio of the Fourier transforms of response
X(f) = F(x(r)) to excitation Y(f) = F(y(r)), are estimated
in order to characterize the mechanical resonances.
Frequency " associated with the maximum amplitude
|H(f)] and —3dB frequency bandwidth AfM (|H(f)|
> |H(fM)| — 3 dB) are extracted. The resonance quality fac-
tor Q" yields QM =M /AfM. The estimated amplitude
|H(f)| and the detected resonances for EPI are illustrated in
Fig. 5. Mechanical resonance properties and standard devia-
tions for all replicas (M5, MRI, and EPI) are summarized in
Table III. For all replicas, two mechanical resonances are
identified.

lll. FLUID-STRUCTURE INTERACTION EXPERIMENTS
A. Experimental approach

In order to reproduce a fluid-structure interaction lead-
ing to auto-oscillation, glottal VF replicas are positioned
vertically, as shown in Fig. 3(a). A rigid uniform tracheal
tube (diameter 16 mm, length 460 mm, acoustic resonance
frequency 185Hz) is attached to the inferior end of the
glottal VF replica. Continuous steady airflow (density
pc = 1.2kg - m™3, dynamic viscosity u; = 1.8 x 107> Pa-
s, temperature 24£2°C) is provided by an air compressor
(Hitachi SC820) connected to a pressure reservoir (volume
0.04 m3) to which the tracheal tube is mounted.* The transi-
tion is smoothed by a cone between the reservoir and the tra-
cheal tube (section ratio 0.3). The pressure reservoir is filled
with acoustic foam in order to avoid parasite acoustic reso-
nances. The compressor is equipped with a pressure

TABLE III. Mechanical resonance properties (resonance frequencies f,Ml,
bandwidths Aj’l“é, quality factor Qfl"fz), and standard deviations of replicas
for oo = 0°.

first resonance peak second resonance peak

Replica f)' [Hz] Af) [Hz] QY [-] f)'[Hzl Af)[Hz] QY [-]
M5 142+3 167 10£5 264+3 9+3 29+2
MRI 144+2 13+4 113 262+2 8+2 32+5
EPI 141£2 132 11£2 264+2 156 21+9
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regulator (10202U, Fairchild, Winston-Salem, North
Carolina). A pressure transducer (Kyowa PDS-70GA, accu-
racy *=5Pa) is positioned in a pressure tap in the tracheal
wall, 185 mm upstream of the glottal VF replica, in order to
measure upstream pressure P, with sampling frequency
fs=10kHz.

For each VF replica, 13 different asymmetry angles
o < 25° are imposed as outlined in Section B, and a rigid
uniform vocal tract tube of length 170 mm (diameter 16 mm,
acoustic resonance frequency 500 Hz) can be attached air-
tight along the superior end of the VF replica. The effect of
angular asymmetry o on the fluid-structure interaction is
characterized by analyzing the measured upstream pressure
P,(t). Upstream pressures associated with auto-oscillation
onset (Pp,) and offset (Poy) are sought. Next, auto-
oscillation features are analyzed for 5s of steady-state
upstream pressure signal P,(¢), while the mean upstream
pressure P, =~ Py, holds, as illustrated in Fig. 6. The first
harmonic (or fundamental) frequency f is extracted. The
second f; and third f> harmonic frequencies of f; are detected
when its power (in dB) yields at least half the power of fj.
The harmonic contents of P,(¢) are then further character-
ized by the total harmonic distortion rate (THD; in dB) com-
puted as the ratio between the summed power of higher
harmonic frequencies P, and the power of the first har-
monic frequency Py:

Pharm

Py, )

The power ratio Py, /Py, between the second and first har-
monics is quantified as well. Next, the SNR (in dB) is
obtained as the ratio of the summed power of all signal har-
monics Piignar based on the first harmonic frequency f, to
the summed power of the remaining noise Pjse:

7).Yi gnal

noise

SNR = 1010g10( 6)

All experiments are repeated three times so that the average
and standard deviation of the extracted features are plotted.
Experiments are performed with and without a vocal tract
tube. Since their resulting features are similar, only experi-
mental results with a vocal tract tube are shown. It follows
that the results are not much affected by acoustical coupling
with the supraglottal vocal tract.

B. Experimental results

Oscillation onset (Pg,) and offset (Pqy) pressures are
plotted as a function of « in Fig. 7(c). Associated fundamen-
tal (fy) frequencies and detected second (f;) and third (f>)
harmonics are shown in Fig. 8. The minimum and maximum
onset pressures Pg, (o) relative to the value for symmetric
angular configuration (o = 0°) are quantified in Table IV.
The minimum of the onset pressure (min(Po,(x))) occurs
for o > 0°: within regime I (full contact, G = 1) for the MRI
replica and within regime II (partial contact, G €]0, 1]) for
the M5 and EPI replicas. This suggests that small values of
o (under 10°) have a beneficial effect. Nevertheless, the
amount of decrease is limited to less than 13% for all repli-
cas and is very low for the MRI replica, which is the most
realistic geometry compared to human VF. In addition, other
quantities (SNR, THD, etc.) have to confirm this tendency.

The maximum of the onset pressure (max(Pg,(a)))
occurs near the largest asymmetry angle 24.6°, and the rela-
tive increase yields more than 29.5% for all replicas. For all
replicas, the onset pressure increases for o > 15°. For
o < 15°, the shape of the P,, (o) curve varies between repli-
cas, because of its dependence on the detailed geometry and
the layer composition of the individual replica. It is
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FIG. 6. (Color online) Measured upstream pressure time signal of P, (¢) for the EPI replica with o = 0°. Oscillation onset POn and offset POff pressures are
indicated (square) as is the steady state oscillatory signal portion (P, = P,) used for analysis (5 s). For clarity, a zoom of P,(¢) near oscillation onset (left),
during steady state oscillation (middle), and near oscillation offset (right) is provided.
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MRI, and (c) EPL Critical angles (vertical lines) indicate contact regime
changes between G = 1 (I), G €]0, 1| (I), and G = 0 (III), (a) M5, (b) MRI,
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observed that more realistic replicas (i.e., MRI and EPI)
exhibit a more monotonic tendency than the M5 replica. For
all replicas, hysteresis between the onset and offset pres-
sures is observed as expected. The degree of hysteresis is
only marginally affected by « in contact regimes I and II (all
replicas: M5, MRI, and EPI), whereas it is reinforced in con-
tact regime III (EPI replica only).

For symmetric angular configuration (o = 0°), the
detected oscillation frequencies f, and f; are located close
to the first and second mechanical resonance frequencies
given in Table III. This suggests that the auto-oscillation
resulting from the fluid-structure interaction is aerody-
namically driven. Thereafter, the fundamental frequency
fo decreases monotonically with a. The overall decrease of
fo relative to its value for symmetric configuration
(¢ = 0°) is quantified in Table V for all three replicas. It
follows that the decrease is negligible (< 3%) in contact
regime I (full contact, G = 1) and becomes more pro-
nounced (> 10%) in regimes II (partial contact, G €]0, 1|)
and III (no contact, G = 0). The second harmonic f; is
detected for all replicas and all asymmetry angles a of
regimes I and II. For the EPI replica, the third harmonic f,
is detected for all o in regime III, indicating that the har-
monic power increases with a.
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FIG. 8. Mean (symbols) and standard deviation (error bars) of harmonic fre-
quencies (fN) at the phonation onset, as a function of asymmetry angle o:
(a) M5, (b) MRI, and (c) EPL. Critical angles (vertical lines) indicate contact
regime changes between G=1 (I), G€]0,1[ (), and G=0 (D).
Horizontal dashed lines indicate mechanical resonance frequencies £}, (a)
MS, (b) MRI, (c) EPL '

The increased power of harmonics can be confirmed by
the THD plotted in Fig. 9. For all replicas, the THD
increases as the asymmetry angle o is increased. The
increase is most prominent in contact regime II (G €]0, 1])
as it yields about 10dB for the EPI replica and about 25 dB
for the M5 and MRI replicas. The imprint of higher harmon-
ics on the temporal waveform shape of steady state P, () for
EPI is illustrated in Fig. 10 for o = 0° (few harmonics, low
THD) and o = 20° (rich harmonic contents, high THD). The
ratio between first and second harmonic powers Py, /Py, is
plotted in Fig. 11. The ratio increases with o toward 1 for all

TABLE IV. Minimum and maximum onset pressures relative [%] to the
value for « = 0° and associated a [°].

Minimum Maximum
Replica [%] [°] [%] [°]
M5 —10.5 10.2 46.9 24.6
MRI -2.0 1.7 29.5 22.0
EPI —12.9 11.7 45.0 24.6
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TABLE V. Overall decrease of fundamental frequency f; relative [%] to the
value for o = 0° in the full contact (I), partial contact (II), and no contact
(I) regimes.

Replica 1 I 1II

M5 0.3 —10.3 not measured
MRI —2.4 —19.8 not measured
EPI -0.5 —-22.8 —34.2

replicas in regime II (G €]0, 1]), indicating that both har-
monics contribute almost equally. Figure 12 shows that, for
all replicas, increased THD is accompanied by a reduced
SNR ratio of about 15 dB.

For all three replicas, angular asymmetry within contact
regime I (full contact) showed only a minor influence on
onset pressures Po,, oscillation frequencies f;, THD, and
SNR, which are close to those observed for symmetric angu-
lar configuration (x = 0°). In contact regime II (up to
o < 15°), the THD and SNR start to deteriorate as o
increases. For oo > 15°, all features (P, fo, THD, and SNR)
are affected by the angular asymmetry.

Some of our observations may elucidate medical find-
ings reported on human patients having UVFP.' For
instance, reduced SNR due to air leakage in contact regimes
II and IIT through the glottal gap is consistent with a breathy
voice description. Increased oscillation onset pressure P,
in contact regimes II and III may cause vocal fatigue (VFs
constantly subjected to greater forces). The decrease in fun-
damental frequency f, on the other hand, does not follow
the unnatural high-pitched voice described for UVFP. This
might be due to several reasons such as the increased contri-
bution of the observed higher harmonics to the perceived
pitch, mechanical property changes in the paralyzed VF,
which are not considered in the current work, or yet com-
pensatory strategies involving supra-laryngeal structures of
human speakers. These aspects need further investigation.
In our studied range of asymmetry angles, aphonia (or oscil-
lation death) could not be reproduced. Finally, it is noted
from Fig. 4(c) that o-ranges, for which 4 < 3 mm (i.e., ver-
tical level difference observed during human phonation®)
extend up to contact regime II for all three replicas: o < 13°
for EPI and o < 17° for both EPI and MRI. Therefore, par-
tial contact (regime II) is of particular importance for phona-
tion with UVFP.
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FIG. 9. Mean (symbols) and standard deviation (error bars) of THD (in dB)
as a function of asymmetry angle o for all replicas. Critical angles (vertical
lines) indicate contact regime changes between G = 1 (I), G €]0, 1] (II), and
G = 0 (I1D).
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FIG. 10. Measured upstream pressure P, (¢) for EPI steady state oscillation:
(a) «=0° and (b) o =20° (a) Steady state, «=0°. (b) Steady state,
o =20°.

IV. PARALLEL LEVEL DIFFERENCE ANALOGY FROM
Pon

In Refs. 4 and 5, a parallel level difference AE was
imposed by varying the distance in the inferior-superior
direction between both VFs while they remain parallel to
the posterior-anterior axis. It follows that the glottal leakage
due to parallel level difference AE is rectangular. This is in
contrast to the triangular leakage area associated with angu-
lar asymmetry o in this study. Consequently, when imposing
AE, only regime I (full contact) and regime III (no contact)
occur for the parallel level difference. When imposing
asymmetry angle «, on the other hand, partial contact
(regime II) can also happen. Nevertheless, major tendencies
observed for increasing asymmetry angle o (Section B),
such as a decrease in fundamental frequency f, and overall
increase in onset pressure Py, have been also reported
when parallel level difference AE was increased.*’
Therefore, a parallel level difference analogy AE(x) is
assessed expressing angular level difference, in terms of an
equivalent parallel level difference, as AE() ~ hy, (o) with
hy (o) = A(a)/la(ar) [i.e., the height of the rectangle
obtained from glottal gap area A(a) and width /4 (o)].

Using this analogy, the modeling approach outlined in
Ref. 4, under the assumptions of small amplitude approxi-
mation of the VFs oscillation,'* no acoustical coupling with
sub- and supra-glottal systems and mechanical left-right VF
symmetry, results in a theoretical expression of the oscilla-
tion onset threshold pressure P, as a function of A;, («):

Poy(hy () = —E 7

On( [A( )) (E _ h[A(O())z ( )

\
gl e e e 5o
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0 4‘ G=1 | Gusmrr =1 Ge o] Gusmrr € 10,1]
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FIG. 11. Harmonics power ratio Py, /Py, as a function of asymmetry angle
o for M5, MRI, and EPI. Critical angles (vertical lines) indicate contact
regime changes between G = 1 (I), G €]0, 1[ (I), and G = 0 (IID).
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FIG. 12. Mean (symbols) and standard deviation (error bars) of SNR in
(dB) as a function of asymmetry angle o for all replicas. Critical angles
(vertical lines) indicate contact regime changes between G = 1 (I), G €]0, 1]
(II), and G = 0 (I1D).

with model parameter set {W, E }. The parameter  accounts
for mechanical damping per unit area, mucosal surface
wave velocity, and pre-phonatory glottal half-width. The
parameter E corresponds to the largest VF thickness.

Fitted curves for Po,(h;, (o)) using Eq. (7) and experi-
mental data are shown in Fig. 13. The fit accuracy expressed
by the coefficient of determination R yields 89% for the
M5 replica (h;, <2.9 mm), 89% for the EPI replica
(h;, <£3.1 mm), and 81% for the MRI replica (h;, < 3.7
mm). The VF thickness E is estimated as 12mm for M3,
26 mm for MRI, and 15 mm for EPI. Compared to the real
values of £ ~ 10 mm (see Table II), the estimates are of the
same order of magnitude as the experimental measurements.

V. CONCLUSION

An experimental study is presented on the effect of
angular level difference on the auto-oscillation for three
mechanical VF replicas. Spectral features of upstream pres-
sure (harmonic frequencies, THD, and SNR) as well as
upstream threshold pressures (oscillation onset and offset)
are analyzed. The same tendencies are observed for all three
replicas. As the asymmetry angle o is increased so that VFs
are no longer in full contact (contact regimes II and III),
dynamics of the VF replica are clearly altered: SNR
decreases, THD increases, oscillation threshold pressures
increase, fundamental frequencies decrease, and higher har-
monics emerge. Geometrical details of each VF replica
determine the leakage area and critical asymmetry angles
associated with a shift in contact regime. Expressions are
given to quantify these features from geometrical VF param-
eters. Apart from the decrease in fundamental frequency,
observed tendencies are in good agreement with those

2000 o M5 o MRI ¢ EPT
1500
< a
e, 8
1000
<

hi, [mm)]

FIG. 13. (Color online) Measured (symbols) P, (%, ()) and predicted (full
lines) using Eq. (7) for all replicas.
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reported in clinical studies on vertical level difference. The
same geometrical reasoning and expressions might be
applied to characterize the glottal gap during phonation of
patients with UVFP. Based on analogy to parallel level dif-
ference, a formula is proposed to describe the oscillation
onset pressure as a function of the asymmetry angle.

Currently, few measurements have been reported on level
difference for UVFP. Various attempts have been recently
made to measure three-dimensional in vivo geometry of the
VFs (e.g., stereo endoscopy®* and laser systems™=°). Such
advanced measurements may eventually provide more precise
information about the left-right angular asymmetry of patients
with voice pathology. Geometrical expressions derived in this
study [A(a) in Eq. (2), L4(2) in Eq. (3), etc.] could be applied
to characterize VF contact (G and regime) for patients. This
study on the oscillation onset and voice quality features could
be of great use as a reference for breathy voice, vocal fatigue,
and other symptoms of voice disorders.
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