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Flow-induced oscillations

of vocal-fold replicas with tuned
extensibility and material
properties

Paul Luizard'**, Lucie Bailly?, Hamid Yousefi-Mashouf2, Raphaél Girault?,
Laurent Orgéas? & Nathalie Henrich Bernardoni'**

Human vocal folds are highly deformable non-linear oscillators. During phonation, they stretch up to
50% under the complex action of laryngeal muscles. Exploring the fluid/structure/acoustic interactions
on a human-scale replica to study the role of the laryngeal muscles remains a challenge. For that
purpose, we designed a novel in vitro testbed to control vocal-folds pre-phonatory deformation.

The testbed was used to study the vibration and the sound production of vocal-fold replicas made

of (i) silicone elastomers commonly used in voice research and (ii) a gelatin-based hydrogel we
recently optimized to approximate the mechanics of vocal folds during finite strains under tension,
compression and shear loadings. The geometrical and mechanical parameters measured during the
experiments emphasized the effect of the vocal-fold material and pre-stretch on the vibration patterns
and sounds. In particular, increasing the material stiffness increases glottal flow resistance, subglottal
pressure required to sustain oscillations and vibratory fundamental frequency. In addition, although
the hydrogel vocal folds only oscillate at low frequencies (close to 60 Hz), the subglottal pressure they
require for that purpose is realistic (within the range 0.5-2 kPa), as well as their glottal opening and
contact during a vibration cycle. The results also evidence the effect of adhesion forces on vibration
and sound production.

Phonation refers to the production of audible air pulse trains emitted by vocal-fold vibrations in the larynx.
Vocal-fold vibrations are the main acoustical source of voiced sounds, such as vowels or sonorous consonants.
Contrary to the case of the heart, the vocal-fold vibrations do not result from any periodic muscular activity:
laryngeal intrinsic muscles drive the vocal-fold stretching (typically between A 10-50% strain in their longitudinal
direction), adduction and abduction, but their quasi-periodic oscillations emerge from “passive” fluid/structure
interactions between exhaled airflow and vocal-fold tissues'~*. Conceptually, vocal folds can be seen as non-linear
oscillators with complex regimes of vibration, responding to gradual variation of control parameters®~: geometric
(e.g., vocal-fold length, glottal width and thickness), mechanical (e.g., vocal-fold tension and viscoelastic proper-
ties), and aerodynamic (e.g., transglottal pressure drop and airflow). In particular, a minimum threshold value
of subglottal air pressure (Phonation Threshold Pressure) is required to initiate oscillations’.

Since the late 1950s', to overcome the limitations of in vivo testing conditions, various artificial larynges were
developed to mimic human phonation in vitro, allowing an easy control and quantitative access to the physical
parameters that govern vocal-fold vibrations. In recent decades, vocal-fold replicas have evolved in complexity
from rigid-walled static or forced-vibrating models to deformable, human-scale replicas able to generate flow-
induced self-sustained vibrations and audible sound sources (see Kniesburges et al.!! for a review). The first
approaches based on rigid-walled replicas mostly aimed to characterize the impact of geometrical parameters
on the translaryngeal pressure drop and recovery, airflow resistance and glottal jet dynamics (e.g.,'>"'°). With
the achievement of the first self-oscillating replicas (e.g.,'®??), interest has progressively shifted to the periodic
energy transfer from glottal airflow to vocal-fold structure. In particular, it was shown that the alternating
convergent-divergent shape of the glottis causes a temporal asymmetry in the average wall pressure, which is
critical to sustain flow-induced oscillations'®. Much of this experimental work has also focused on the resulting
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vocal-fold vibratory patterns and radiated sound emissions, in order to better understand the fluid/structure/

acoustic interactions of the vibrating system, although in most cases for a given vocal-fold posturing and fixed

material properties.

In comparison, the specific material properties of artificial vocal folds and their effect on the fully-coupled
process have been less studied to date. Several pioneering experimental works have already sought to vary
the mechanical properties of artificial oscillators, by modifying the internal pressure of fluid-filled cavities in
membrane-type models'*?, by adjusting the chemical formulation and/or processing routes of various poly-
mers used in 3D-molded replicas, by modulating their multi-layered arrangement?***?*, incorporating fibrous
reinforcement®*?” or local surface mechanical heterogeneity?®*. Such studies show that these variations can be
critical on the glottal jet dynamics®, vocal-fold closure*” and surface motion?, collision pressure?, phonation
threshold pressure!®??*2>28 and resulting sound spectra'®?%26-28,

In parallel, over the past decades, a number of theoretical and numerical studies have also addressed the
impact of vocal-fold mechanical properties on phonation®>*!, using either vibrating string/beam models of
vocal folds to study their natural mode frequencies*~*, reduced-order phonation models with simplified fluid-
structure interactions (e.g.,>*"*°) or highly resolved ones commonly based on 3D finite-element methods to
simulate tissues biomechanics (e.g.,*'~**). In particular, variations in the tensile, shear and bending stiffness of the
vocal folds, as well as in the stresses they undergo during longitudinal elongation (i.e., in the anterior-posterior
direction), should contribute strongly to the regulation of their natural vibration frequencies®*-*. This is ascribed
to the non-linear and anisotropic mechanical properties of the native tissues at the macroscale, driven by their
fibrous arrangement at the microscale®*?>. When interacting with airflow, a slight computed change in vocal-
fold stiffness can alter their eigenmodes (i.e., structure resonances) and coupling, inducing a sudden change in
phonation onset frequency**”**4, vocal-fold vibration pattern®**74** including glottal opening, open quotient
and closing velocity®’, airflow rate***’ and sound production efficiency’®*”. More specifically, increasing the
stiffness of the vocal folds along their longitudinal direction is predicted to generate an increase in fundamental
frequency, a reduction in noise production, and, under certain conditions, an increase in both the vocal-fold
contact and the excitation of higher-order harmonics®. Finally, the influence of material anisotropy on fluid/
structure/acoustic interactions has also been simulated®®*>*, with longitudinal stiffness parameters expected to
have greater effects on glottal flows and vocal-fold vibrations than transverse stiffness parameters*®.

Today, the development of improved vocal-fold replicas and enriched experiments is still necessary to bet-
ter understand the complexity of the multiphysical couplings involved, on the one hand, and to evaluate and
dialogue with the various theories and numerical models mentioned above, on the other hand. Thus, in recent
years, while improving current manufacturing procedures*>*, the search for optimal materials*’~*°, multi-scale
structures* and mechanical control***! for increasingly “bio-/phono-mimetic” vocal-fold replicas is the subject
of active investigation. However:

(i) Even though vocal-fold stretching is a major aspect of phonation biomechanical control***35¥523 the
number of in vitro studies involving experimental models of vocal folds able to measure and control the
laryngeal longitudinal pre-strain occurring before any phonatory event is very limited. To our knowledge,
although several earlier models were able to tailor fold shape and/or internal tension in pre-phonatory
posture!®?225% only two published studies have presented articulated folds that allow different degrees
of anterior-posterior fold lengthening to be set*>*°.

(ii) When characterized, the matching between the mechanics of artificial replicas and those of native vocal
folds has often been studied in a single loading mode, and has most generally led to comparable elastic
and/or viscous properties in the linear small-strain regime solely*>>***. Although these conditions allow
to identify promising “bio-/phono-mimetic” candidates, they are not sufficient to validate their behavior
under multiple, finite-strain loading modes such as combined tension, compression and shear, as expe-
rienced by vocal folds during pre-phonatory posturing and vibrations®*-’.

(iii) Due to the aforementioned limitations, the impact of material properties and their strain-induced evo-
lution on vocal-fold vibratory patterns and aero-acoustic correlates needs to be further investigated, to
complement existing databases. The further evaluation of current artificial oscillators should also be
tested over a wider pre-deformation range.

Therefore, this paper presents the design and experimental characterization of an original larynx replica, allowing
to control both the dynamic changes of input aerodynamic parameters and the longitudinal pre-deformation of
the vocal folds with adjustable material properties upon finite strains. By combining a large multiphysical experi-
mental database with simple analytical modeling of glottal flow already used by the voice community'>®, it aims
to better understand the influence of the mechanical properties of isotropic vocal-fold replicas on their ability
to achieve flow-induced oscillations, and on the variation of associated acoustic and aerodynamic parameters.

Materials and methods

Articulated larynx replica with deformable vocal folds

An in vitro testbed of human phonation was designed (Fig. 1), able to reproduce both the vocal-fold vibrations
and the articulatory gestures of the larynx. It consists of a 1:1 scale vocal-fold replica inserted in a laryngeal
envelope, equipped to enable the folds actuation in longitudinal stretching/compression and lateral compres-
sion. Note that this replica does not include a vocal tract. In the following, the geometry of the artificial larynx
is defined in the reference anatomic frame (e, €qp, €is), where e, coincides with the medial-lateral direction,
€gp with the anterior—posterior direction and e;;, with the inferior-superior direction.
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A. Vocal-fold replica
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Figure 1. In vitro testbed of phonation. (A) Vocal-fold replica: (from left to right) picture of a 3D-printed
mold (in blue), and its CAD model (in yellow); picture of molded replica in silicone and hydrogel; 2D vertical
cross section (mid-coronal view) of a 3D vocal-fold model scanned using X-ray microtomography (voxel size
50 pwm?), geometric characterization and comparison with M5 Murray-Thomson geometry; 3D reconstructed
view of half the vocal-fold replica. (B) Larynx replica: (from left to right) 3D CAD model and picture of the
laryngeal envelope after insertion of a silicone vocal-fold replica. Mid-coronal X-ray tomographic view of the
assembly. (C) General view of the instrumented testbed: (top left) Schematic of the setup and metrology;
(bottom left) illustrative picture; (top right) X-ray microtomographic view of glottal plane (transverse view);
(middle right) illustration of the fold at rest (¢o = 20 mm; £, = 45 mm), and in a stretched configuration (bottom
right). (D vocal-fold replica; (@ glottal stage casing, 3 subglottal tract, @ trachea, B testbed actuators.
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Vocal-fold replica

Several single-layered and isotropic oscillators were designed and fabricated. The vocal-fold geometry (called
Microvoice model) was inspired by M5 models commonly used in the literature'>*"?2. Schematically shown in
Fig. 1, the chosen geometry was a simplified version of the Murray-Thomson body model, with a circle shape
for vocal-fold margin and the possibility to adjust the curvature of vocal-folds inferior part. During a prior con-
ception phase, it was chosen as the one which enabled to sustain oscillations over the widest range of pre-strain
and airflow/pressure conditions.

The folds were made up of homogeneous and soft polymers with tailored mechanical properties:

(i) A first set of folds was fabricated using a two-component (parts A and B) addition-cure silicone rubber
(Smooth-On, Ecoflex™ series), as commonly used in previous in vitro testbeds of phonation?®2526:45.6162,
In particular, three material candidates were selected with increasing degrees of Shore hardness (00-10,
00-30 and 00-50 respectively, based on ASTM D-2240 standards), comparable densities (1.04, 1.07, and
1.07 respectively), and processed with a 1A:1B mixing ratio by weight. They are noted EF10, EF30 and
EF50 thereafter.

(ii) A second set of folds was composed of a gelatin-based hydrogel, recently optimized to approach the
mechanical response of vocal-fold tissues in tension, compression and shear upon large strains*®*®. It is
based on 10% w/v porcine gelatin aqueous solution (Bloom number 300 g, Type A), cross-linked with
0.5 % mL of glutaraldehyde per gram of gelatin, to improve the strength, stiffness and ductility of the
neat gel. The final relative density of the gel is close to 1.

For all cases, 20 g of uncured material was prepared in a becher for homogenization and vacuum degassing.
Then, it was cast in 3D-printed molds to form a 3D structure (volume ~ 16.88 cm?) reproducing the average
morphology of healthy, adult and male vocal folds at rest (Fig. 1A), i.e., a glottis 20 mm long, 1 mm wide and
4 mm thick. Molds were previously coated with silicone grease to facilitate the demolding step. The elastomers
cured at room temperature (T & 45 °C) and relative humidity (RH &~ 45%), for 2 h for EF30 and EF50 (respec-
tively 4 h for EF10). The hydrogel was kept at 3 °C for 24 h before being demolded. Negligible shrinkage was
observed after curing for either material.

Laryngeal envelope and actuators

A flexible laryngeal envelope was designed so that the processed vocal-fold replicas can be inserted and inter-
changed, while maintaining a seal. As shown in Fig. 1B, this three-part envelope consists of: (i) a subglottal tract
attached to the air inlet tube (2 cm diameter), representing the trachea upper part (subglottal stage); (ii) an upper
casing in which the vocal folds can be positioned (glottal stage); (iii) a divergent tract joining the subglottal and
glottal stages. The 3D geometric assembly “vocal-fold replica + laryngeal envelope” was characterized by labora-
tory X-ray tomography (RX Solutions, Hamamatsu L12161-07 source), as illustrated in Fig. 1.

The assembly was connected to a series of linear servomotors (Actuonix® L16) aiming at reproducing the
action of crico-thyroid tilt, i.e., vocal-fold stretching along the anterior-posterior (or longitudinal) direction e,
a key mechanism to control pitch during phonation. The junction with the motors was made thanks to three
3D-printed jaws screwed on the envelope, as illustrated in Fig. 1C.

The laryngeal envelope was molded with EF50 silicone, as a compromise between a soft and extensible
material able to deform when the folds are actuated, and a material stiff enough to induce a lateral boundary
condition as close as possible to fixed (ideal case mimicking thyroid cartilage stiffness). Lateral 3D-printed walls
were additionally designed and integrated to the surrounding (see Fig. 1C). The vibratory capacities without
and with lateral compression were pre-tested, but with limited improvements. It was therefore decided not to
laterally compress the laryngeal envelope for this measurement campaign. Before vibration testing, each vocal-
fold replica was manually inserted into the glottal stage, the walls of which were previously coated with silicone
grease, and then attached to the laryngeal envelope and motorized jaws using Teflon®-covered screws to prevent
air leakage during fold mobility.

Mechanical characterization of the vocal-fold materials
Mechanical tests were performed on dedicated specimens made of the materials selected for the 3D vocal-fold
replicas.

First, their tensile in-plane response under cyclic and finite-strain conditions was measured, following a
test procedure detailed in Yousefi-Mashouf et al.*®. Samples were cut from rectangular material plates elabo-
rated aside from the 3D vocal-fold replicas, at an effective length-to-width ratio 5:1, with a gauge length of
50 mm and a thickness of 2 mm. Mechanical tests were carried out using an electromechanical uniaxial machine
(Instron® 5944) equipped with a + 10 N load cell (Instron®, 2530 Series). The nominal stress P and natural strain
€ were calculated from the cell force signal and displacement of the machine crosshead. Sam%:)les were subjected
to 4 load-unload cycles with increasing strain amplitude up to & = 0.7, at a strain rate of 102 s~ . Finally, in the
case of hydrogel samples, tests were conducted in a thermo-regulated atmosphere (T & 25 °C) and at proper
hygrometric conditions (= 98-100% RH), to protect the samples from air drying.

In a second step, to complete the mechanical database of these vocal-fold materials under multi-axial load-
ings, samples were also characterized in simple shear and compression, as already done on the gelatin-based
hydrogel in Yousefi-Mashouf et al.*.

Finally, additional measurements were conducted on the same uniaxial machine, to characterize and compare
the surface adhesion properties of the different materials, as already implemented on other elastic solids®**,
In short, two square samples of the same material were first fixed to compression plates (15 min drying time).
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Samples were placed in contact against each other, compressed down to a strain level of -0.20 at a rate of 1072
s, and relaxed during 3 min. Then, the upper sample was pulled up to separate both bodies in contact, while
measuring the force f resisting the separation. This force was normalized by the force registered during the
relaxation step, noted frelax-

Aero-acoustic characterization of the vocal-fold replica

First of all, it should be noted that the vocal-fold replica and the corresponding material samples (whose mechani-
cal behavior was tested as described above) were not only molded at the same time (#,) from the same chemical
preparation, but also tested on the same day, in parallel (at f, + 7 days, for a test duration varying between 2 and
5 days). This protocol has been developed and validated (data not shown) to limit as far as possible the artifacts
associated with possible aging of the material*® or slight deviations in the processing route, and thus to be able
to reliably compare the different databases acquired on the same material.

The replica was placed in the artificial laryngeal envelope, which in turn was connected to a uniform “tracheal”
tube supplied with a pressurized airflow (see Fig. 1B,C) coming from a settling chamber that ensured stability
of the airflow. Two major parameters were then tailored to explore fluid/structure/acoustic interactions on the
testbed of phonation: (i) the vocal-fold pre-strain agp = In(¢/£y) along the longitudinal direction ey, where £
(resp. £p) refers to glottal length in the deformed (resp. undeformed) configuration (see Fig. 1C); (ii) the mean
airflow rate ¢ through the larynx.

Instrumented testbed of phonation
The overall set-up is equipped with a number of sensors to acquire real-time data for various levels of 8‘;’1, and
¢ (see Fig. 1C): an airflow measurement unit (TSI 4043), measuring ¢ (t) at time #; a pressure sensor (Kulite
Xcq-093) measuring the aerodynamic subglottal pressure P,(¢) relatively to ambient atmospheric pressure; a
microphone (DPA 4060) calibrated by means of a sound level meter (Briiel & Kjaer 2250); and a high-speed
camera (Mikrotron® MotionBLITZ EoSens® Cube?) to visualize the vibrations of the vocal-fold replica. Using a
dedicated LabView® interface (National Instruments) and the motorized control system of the laryngeal envelope,
the vocal-fold pre-strain egp was driven by the displacement of a series of jaws (see Fig. 1C,®). The airflow rate ¢
was driven by the degree of opening of an electromechanical valve actuator upstream in the tracheal tube replica.
Electrical signals were processed using a preamplifier/conditioning board (PXIe-1073 chassis equiped with
NI PXIe-6341 and NI PXIe-4330 modules). The acquired data were processed using the LabView13 software
(National Instruments). The sampling frequency was 22.05 kHz for all pressure, flow, and acoustic acquisitions.
The high-speed camera images, captured at a frame rate of 1473 frames/s, i.e., three frames every 2 ms, were
synchronized by the MotionBlitz software directly called in LabView, so that 100 frames were recorded at each
step of increased airflow rate. The image size was 736 x 1296 pixel? with a resolution of 123 pixels/cm. Repeated
measurements of a known distance yielded a coefficient of variation (ratio of standard deviation over mean value)
of 0.1 mm for a length, i.e. 0.1 mm? for a surface.

Testing protocol

Prior to the experiments, ranges of airflow input values allowing for vocal-fold self-oscillation to occur were
determined, according to the pre-strain conditions. Then, a series of experimental rounds were recorded. An
experimental round consisted in setting a given value of fold pre-strain S‘ZP. The airflow rate ¢ (¢) was then
increased by steps, from its minimum value for oscillation (typically ¢,in = 0.3 L/s) to a maximum value related
t0 100% valve opening (¢max = 3.5 L/s). Each quasi-steady step lasted 4 s, during which the sensor values were
recorded. For each tested vocal-fold replica material, the experimental procedure was repeated from rest con-
figuration (sgp =0) up to the maximal deformation authorized by the setup (agp within 0.25-0.30 depending on
the chosen material).

Data processing

Each round was decomposed into a series of successive quasi-steady states corresponding to increments of airflow
increase, for which several time-varying aero-acoustic parameters were averaged over the 4-s time window, yield-
ing the following mean values: airflow rate ¢ and subglottal air pressure P, oscillation frequency f, calculated
from the audio signal using the YIN-auto-correlation method®, the calibrated sound pressure level SPL in dB
without specific weighting, and the harmonic-to-noise ratio HNR that quantifies the dynamics of the temporal
harmonic signal. The glottal flow resistance R, was estimated as the ratio of the overall mean pressure drop AP
through the larynx to the associated mean airflow rate, such as R, = AP/¢'*%"%. The units of these quantities
are specified in Table S1 and in Figs. 2, 3, 4, 5 and 6.

High-speed images were edited and analyzed using the Glottis Analysis Tools 2020 software”, which enables
glottal area contour detection with a threshold-based region growing approach, combined with trained neural
networks. When required, automatic segmentation was manually corrected to account for minor detection errors
on one glottal cycle per each quasi-stationary step. Contrary to other recent visual techniques that aim at deter-
mining vibration modes of vocal folds”", this image analysis software provides the time-varying glottal area, A, (¢).
Maximum values achieved over a cycle were then extracted at each quasi-steady step, and noted A?**~. The pre-
strain sgp actually applied to each vocal-fold replica was measured on these images (one value per experimental
round). In order to obtain a dynamic view of the median oscillatory motion of the replica, kymograms’* were
also plotted in Matlab®. The kymographic line was selected on a first image in the middle part of the glottis and
perpendicular to the anterior-posterior glottal axis. It was then plotted for the whole high-speed sequence as a
function of time. While kymograms do not allow to visualize glottal vibrations along the whole glottal length,
they provide a detailed representation of vocal fold dynamics at the selected position on the glottis.
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Figure 2. Pictures of the maximal glottal opening A”"** achieved during oscillation for various mean airflow
rate and pre-strain values with (a) Hydrogel, (b) EF10, (c) EF30, and (d) EF50 silicone models. This illustrates
specific series showed in Fig. 5. The blank spaces between pictures correspond to airflow rate values at which
no measurement was performed. Corresponding videos for all pre-strains and increasing airflow sequences
are provided as supplementary material. A twin figure with subglottal pressure in x-axis is provided as
supplementary material (Fig. S1).

Analytical modeling of laryngeal flow

A simple analytical model based on Bernoulli’s principle for fluid flow was used to compare experimental meas-
urements with theoretical relationships between subglottal air pressure P, airflow ¢ and glottal area Ag. This
modeling approach was previously applied to understand the aerodynamic pressure distributions along the
glottal channel'*#073-77 Assuming perfect incompressible fluid and quasi-steady flow conditions (d¢/dt ~
0), Bernoulli’s equation applied between sub- and supraglottal stages yields to:
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Figure 3. Kymographic visualization of the vibration of vocal-fold replicas composed of the four different
materials, with respect to increasing airflow steps. Pre-strain conditions are: S‘ZP = 0.24 for Hydrogel, 0.27 for
EF10, 0.26 for EF30, and 0.20 for EF50. Corresponding videos for each sequence are provided as supplementary
material.

Pt go(3) =30()" m

where p ~ 1.20 kg/m? is the density of air at 22 °C, A; = 3.14 cm? is the cross-sectional area of the channel flow
in the trachea where subglottal pressure P, is measured, and where A“g is that at the point of separation of the
glottal jet from the walls, where relative air pressure can be neglected®’¢. Under these assumptions, the mean
pressure drop AP governing the aerodynamics from the glottal inlet into the trachea to the point of flow separa-
tion corresponds to the mean subglottal pressure Ps. Previous research established the relationship As,~1.2 A,
based on Liljencrants’ ad hoc criterion, i.e., a semi-empirical model used as an alternative to a boundary-layer
separation theory'®””. Therefrom, theoretical estimations of glottal area A, and glottal flow resistance R, can be
derived from Equation (1) as follows:

e nGeta) o R= (i) o

Ag~ — A
§ p P2 2 (12452 A?

12757 12

Results and discussion

General trends

Regardless of the specific material features of each vocal-fold replica, common qualitative trends were observed
in their overall geometrical and aero-acoustical behavior during oscillation.

Geometrical variations

Figures 2 and 3 illustrate the qualitative changes in glottal geometry observed on the four vocal-fold replicas
during the progressive increase in airflow rate. As expected’®, whatever the replica and its level of pre-strain s‘ZP,
greater airflow ¢ increases both the maximum glottal area reached during the oscillation cycle, A7 (Fig. 2),

as well as the amplitude of vocal-fold vibrations in the mid-glottis (Fig. 3). Such changes are also flustrated in
the Supplementary Videos of both figures, e.g., on EF30-eps21.mp4 corresponding to silicone EF30 at medium
pre-strain £/, = ap = 0.21. Besides, for all cases, Fig. 4 compares the measured values of A7"** to their theoretical pre-
dictions as derived from Eq. (2). As the experimental data relate to the maximum va‘iues of Ag(t) over a cycle, it
should be noted that the corresponding minimum value recorded for the subglottal pressure P;(t) was used here
as input parameter in the model. To complete the graphs and account for the impact of this choice on the predic-
tions, a zone of theoretical variation is also represented by abacuses, i.e. for constant values of glottal resistance
R, ranging from 50 Pa s/L to 40 kPa s/L. Observed trends in measured data are reproduced at least qualitatively,
with an increase of A)"** with airflow rate ¢. However, the predicted values underestimate the measured ones by
a factor 2 to 10 depending on the material. Interestingly, the predlcted values are in a range similar to previously
reported data from measurements in humans, i.e. 5 to 25 mm? (see Table 1).
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Figure 4. Maximum glottal area per cycle A7*** as a function of airflow ¢: comparison between experimental
measurements and theoretical predictions (x markers) of steady Bernoulli’s equation (Eq. 2), knowing
experimental subglottal pressure P and airflow rate ¢. The colors correspond to the different materials, chosen
in line with Figs. 5, 6 and 7. The dotted gray lines represent theoretical abacuses (Eq. 2) of constant glottal flow
resistance R, ranging from 50 Pa s/L (dotted dark line) to 40 kPa s/L (plain dark line).

Aerodynamic behavior

Figure 5a,b shows the evolution of mean subglottal pressure Ps and glottal flow resistance R, as a function of

airflow rate ¢. Each point represents a quasi-steady state for which the replica exhibited stable self-oscillations.

A similar figure plotting the glottal flow resistance Rg and the airflow rate ¢ as a function of mean subglottal

pressure is provided in Supplementary Fig. S2d-f. In addition, the ranges of the parameters measured in the cur-

rent study as well as values of in vivo and ex vivo measurements from previous research are presented in Table 1.
Several trends can be highlighted:

e The present in vitro candidates are characterized by mean subglottal pressure P; within 500 Pa to 5000 Pa, as
shown in Fig. 5a. These pressures are similar to those observed in ex vivo studies®*-** and in vitro ones*’. For
in vivo data, the range reported is 200 to 1000 Pa , with thresholds exceeding 2000 Pa at louder intensities' .
The designed replicas are able to cover about 80% of the target data in the swept parameter ranges.

® A quasi-linear flow-pressure relationship is observed for all cases (Fig. 5a). The values of slope and y-intercept
are detailed in Table S1. The rate of variation of subglottal pressure against airflow, i.e., the mean slope val-
ues, correspond to the differentiated glottal flow resistance R;**? defined in the case of linear pressure-flow
relationship as P; = Ry ¢ + I;Palt islfound to be rather similar across all materials ( Rgp 30 — 530 & 74 Pas/L,
REFS0 = 560 + 108 Pa s/L, R;”“"**" = 502 % 56 Pa s/L) except for EF10 (REF10 = 185 & 30 Pa s/L). These
quasi-linear trends between flow and pressure are consistent with several previous ex vivo measurements
performed on various animal models for mid-levels of vocal-fold adduction®-%2, yet with much lower Ry
values than for animal models (R in the range 2 — 11 kPa s/L)®"%2. It is in line with observations on elasto-
meric vocal folds™.
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Figure 5. Aerodynamic (a- subglottal pressure, b- glottal flow resistance) and acoustic (c- sound pressure level,
d- harmonic-to-noise ratio) parameters as a function of airflow, for each material and all pre-strain levels eg
along the anterior—posterior direction. Dark to light colors stand for increasing sgp values presented in Table S1.
Markers stand for experimental data points while solid lines represent the best empirical fits adjusted to the
data for a given egp (see Table S1 for the fitting coeflicients). Values of fundamental frequency of oscillation as a
function of airflow are provided in Fig. 6a.

e For all materials and pre-strain levels, the higher the airflow rate, the lower the glottal flow resistance,
as described by the phenomenological model adjusted to the data (see Fig. 5b): Ry = Py ¢~ + Ry. The
decrease of glottal flow resistance with increasing airflow rate can be related to the geometrical variations
mentioned above, i.e. an increase in maximum glottal area and glottal width during the vibratory cycles as
shown in Fig. 2. Increasing the anterior-posterior pre-strain e‘Zp does not change the global trend, yet slightly
modifies the general level of the relationship between ¢ and Rg. At constant airflow, higher pre-strain implies
higher glottal flow resistance for all materials, related to higher values of fit parameter Py.

Acoustic behavior

Figures 5¢,d and 6a show the impact of the airflow rate ¢ as measured on each acoustic parameter of the four
vocal-fold replicas. As with aerodynamic parameters (Figs. 5a,b), each point corresponds to a time-averaged
measurement over a ¢-step. The corresponding graphs displayed as a function of the mean subglottal pressure
P are available in Supplementary Fig. S2a—c. Illustrative audio cases can also be found in Supplementary Videos
of Figs. 2 and 3 (e.g., EF30-eps21.mp4). General trends are evidenced on the main parameters commonly used
to assess voice production®>%6;

e The vocal intensity level, reflected here by the sound pressure level (SPL), is displayed in Figs. 5c and S2a. As
expected in vivo®” 8, ex vivo®*? and in vitro®, an increase of SPL is found when increasing airflow rate and
subglottal pressure. More specifically, SPL and ¢ (resp. P;) are linked by a logarithmic and affine relationship
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Figure 6. Fundamental frequency of oscillation against various parameters that influence the phonation
characteristics. Dark to light colors indicate an increase of pre-strain 8517.

EF10 EF30 EF50 Hydrogel Human vocal folds
Flow rate ¢ (L/s) 14-34 0.37-3.5 0.38-3.4 0.34-2.4 0.1-0.3%%% (IV)
Subglottal pressure P; (Pa) 2160-2570 1800-3850 2530-4950 560-1960 200-2000% (IV)
Glottal resistance Ry (kPa s L 0.7-1.5 1.0-6.3 1.3-8.1 0.7-2.6 4-14” (IV)
Fundamental frequency f, (Hz) 66-70 67-73 74-77 53-60 50-1500% (IV)
Sound pressure level SPL (dB) 59-74 53-84 55-85 54-78 30-130%°* (IV)
Harmonic-to-noise ratio HNR (dB) 0.5-2.4 0.4-17.1 0.5-8.3 1.4-41.6 3-25100-103 (Tv)
Maximum glottal area A7'* (mm?) | 78-121 27-228 23-155 31-322 5-100°7 (EV)
Pre-strain ggp 0.23-0.30 0.07-0.29 0.04-0.23 0.07-0.27 0-0.40%758:104105 (EV)
Tensile tangent modulus E; (MPa) 0.015-0.024 | 0.057-0.086 | 0.068-0.107 | 0.022-0.033 | 0-3.30°0:>105-107 (EV)

Table 1. Aerodynamic, acoustic, geometric, and mechanical parameters measured in the present vocal-

fold replicas for different materials (min-max values). Comparison with physiological values reported in

the literature from in-vivo (IV) or ex-vivo (EV) measurements in humans. The extreme E; values given

for synthetic materials correspond to measurements evaluated over a range of tensile strains up to 0.4 (see
Fig. 7a,). The values reported for human vocal folds correspond to strain levels within this range, albeit lower
or equal, and acquired on the whole multi-layered tissue or on individual sub-layers.
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such as SPL = k; log(¢) + £; (resp. SPL = k; log(Ps) + {3) with ki, k» and £;, £, being constants that are
quantified in Table S1 for each case. Interestingly, all experimental data follow almost the same curve within
the measurement deviations (with a few exceptions for EF10 as well as EF30 at the lowest sup) These typi-
cal non-linear SPL-¢ and SPL-Ps master curves are in line with observations already reported from in vivo
measurements®”%°!. Furthermore, for the parameters swept in this work, as displayed in Table 1, the dif-
ferent in vitro materials are able to cover a reduced range of the standard target in vivo data: during human
phonation, SPL varies between 30 and 130 dB (at a distance of 30 cm from the mouth)?, with a standard range
within 55-80 dB and a mean of 65 dB at casual speech (untrained healthy voices)®.

e The tonal pitch, related here to fundamental frequency of vocal-fold oscillation f,, is displayed in Fig. 6.
With fluctuations of only a few Hz, the frequency f, is measured almost constant over the swept ¢-range as
the flow rate increases (Fig. 6a). Although this f, — ¢ relationship has not been found in ex vivo studies®, a
plateau effect was observed for several models of silicone vocal folds, for which f, increased linearly with ¢
until it reaches a saturation point at a flow greater than ~ 0.6 L/s*. Similar observations apply to the P; — ¢
relationship as illustrated in Fig. 6b where the patterns regarding the materials as well as the pre-strain levels
can be related to Fig. 6a by a scale factor on the x-axis. Moreover, whatever the case, the vibration frequen-
cies measured on the four vocal-fold replicas are in the lowest range of the human voice, with values ranging
between 50 to 80 Hz, i.e., within a window of & 30 Hz (see Table 1). As a reminder, in human phonation,
fo can range from about 50 Hz to more than 1500 Hz?, with seldom frequencies below 100 Hz in “normal”
voice (modal phonation using laryngeal mechanism M1)**%, and mean values of 125 Hz and 210 Hz for
men and women speech respectively>***°. See Table 1 for a direct comparison of the ranges measured in
the replica and humans. One can note that this low frequency range is found in laryngeal mechanism MO0
or vocal fry®** for which the folds are very thick and passive, with limited contraction of thyro-arytenoid
muscles. To better understand such global low-pitch measurements on the replicas, we first investigated pos-
sible acoustic coupling with the subglottal tract, likely to drive the vibration frequency of artificial vocal folds
in some cases!”?*’. The first resonance frequency of the subglottal tract in our experiment was estimated
around 14 Hz (the open-closed tube between the settling chamber and the vocal folds being 6.2 m long).
Hence, harmonics of subglottal tract resonances might appear in the f, range of the present study, and pos-
sible interactions are not totally excluded®”. However, their influence would certainly be minimal given the
high length of the subglottal tract. Instead, our low f,-recordings can be explained by the geometric choices
made for this first series of articulated replicas, i.e., a glottal geometry at rest (sgp 0) in the upper anatomi-
cal limit (£o = 20 mm), and fixed boundary conditions rather far from the glottal extremities (£ = 45 mm;

1).

° Finally, the resulting sound quality also varies with ¢, as reflected by the harmonic-to-noise ratio (HNR)
reported in Fig. 5d. Higher values of HNR reflects a clearer, less noisy sound quality. Thus, a general trend
emerges for the silicone vocal folds: the higher the airflow, the higher the sound clearness. It is noted that the
hydrogel does not behave like silicones, showing no specific trend against ¢ and producing globally higher
HNR values. Table 1 shows that the silicone replicas match the lower range of human production while the
hydrogel replica reaches the upper range and even higher.

Impact of the vibrating material

Mechanical properties of the different vocal-fold materials

The mechanical stress—strain behavior of the four materials is reported in Fig. 7, under finite-strain tension (ay),
compression (b) and shear (c). Figure 7a, details the evolution of the tensile tangent moduli E; = dP/de with
the applied strain ¢ (for the last unloading path). Regardless of the loading mode, two groups of materials stand
out, and can be classified from the softest to the stiffest (from rest to 2 0.6 strain): EF10 silicone and gelatin-
based hydrogel on the one hand, EF30 and EF50 silicones on the other hand. In addition, note that the overall
mechanical behavior of EF10 silicone and hydrogel are particularly close up to £ = 0.3, with quasi-superimposed
responses in compression and shear, as well as similar low-stress levels (up to 22 0.006 MPa) and near-constant
E; values (= 0.02 MPa) in tension.

Furthermore, EF10 silicone stands out from the other materials for its interface properties, being the only
system to feature a “tacky” surface. Indeed, Fig. 7d; shows that the dimensionless force measured to separate two
EF10 silicone samples is higher than that obtained to separate two EF30 silicone samples. Adhesion measure-
ments demonstrate that the separation of samples in EF10 occurs well after the separation of samples in EF30
(=10 s delay). Note that the stickiness of E10 silicone can be eliminated by lubricating its surfaces with silicone
oil, as demonstrated in Fig. 7d.

Impact on the onset of the vocal-fold vibrations

The influence of the material properties of the vocal-fold replicas on their flow-induced vibrations is first high-
lighted in Fig. 7a,. The symbols illustrate the cases where a stabilized oscillation was observed: for each material,
below the pre-strain values S‘ZP marked by these symbols, no vibration was observed. The highest value, on the
other hand, indicates the maximum tested during the campaign (oscillations might occur beyond these values).
More specifically, none of the replicas could oscillate in their undeformed configuration: they had to be slightly
pre-stretched up to E‘Zp ~0.05 + 0.02 for fluid/structure interactions to give rise to sustained vibrations, except for
E10 replica which only began to oscillate at a much higher level of strain, i.e., for s‘;,, ~20.23. Such a discrepancy
is due to the specific sticky interface of the EF10 silicone, which has a major impact on the upstream air flow
required to lift the folds from each other and generate sustained vibrations (see below). In addition, looking at
both stiffer smooth-surface replicas (EF30, EF50), it is also interesting to note that the stiffer the material, the
lower the pre-strain required to induce vibrations.
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Figure 7. (a) Tensile behavior of the four materials used for the vocal-fold replica during quasi-static and cyclic
loading conditions: (a;) stress—strain response (P, ), (a2) corresponding tangent modulus E;. For each material,
the symbols highlight the pre-strain S‘Zp which was applied to the vocal-fold replica and for which self-sustained
oscillations could be observed (see detailed values in Table S1). (b) Same as (a), in simple compression. (c)
Same as (a), in simple shear: stress—strain response (z, y), as defined in Yousefi-Mashouf et al.%%. (d) Results of
adhesion testing on EF10 and EF30 samples: (d;) after curing without any additional coating; (d,) coated with
lubricant after curing (silicone oil). Dotted line illustrates the typical repeatability of each test.
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Impact on the sustained vibratory pattern

Once established, the database shows a strong impact of the chosen material on the type of vibrations allowed by
the vocal-fold replicas. From a qualitative point of view, for given values of airflow and pre-strain levels, Figs. 2
and 3 show geometric differences in the glottal opening and vibratory amplitudes achieved during the oscilla-
tion cycle, which are much higher for the hydrogel replica than for silicone candidates. This is also particularly
evidenced on Supplementary Videos provided with such figures (e.g., see 4mat—airflow2Ls.mp4 comparing the
four oscillators at comparable airflow ¢ =2 L/s). Clear discrepancies are also noticeable in the contact proper-
ties between the vocal folds, with respect to collision duration as well as fold opening and closing speed, i.e., key
parameters in voice quality®*!'%. More specifically, the kymographic visualization of the high-speed sequences
in Fig. 3 and Supplementary Videos highlight:

e The singular behavior of the tacky-surface replica (EF10), which oscillates without any periodic contact.
Vibrations occur around an equilibrium position, but the vocal folds never touch. By contrast, all other repli-
cas with smooth surfaces vibrate with periodic collisions at the perceived pitch frequency. These observations
are reminiscent of other singular vibratory behaviors already observed in excised human larynges, notably
the reduction in glottal closure after vocal-fold de-epithelialization, which sometimes generated non-contact
vibration of the folds'®.

® A surface wave propagation limited to the medial-lateral direction for all silicone folds, with a reduced phase
difference in the motions of the lower and upper margins. This is similar to what can be observed or simu-
lated in the case of head/falsetto register (laryngeal mechanism M2 where only vocal-fold superficial layer
vibrates)''°.

® The cyclic pattern of the gelatin-based candidate exhibiting a “diamond-shaped” glottal aperture (see zoomed-
in area in red), i.e., an index of the typical phase delay observed between the free edges of native vocal folds
during modal voice’>'"". For this hydrogel candidate, the phase difference in the motions of lower and upper
margins is greater than for silicones, closer to physiology and evidenced on kymograms by the sharpness of
lateral peaks!!%. This observation is noteworthy for a material whose properties have been optimized pur-
posely to approximate the mechanics of real vocal-fold tissues under quasi-static loadings*®.

Some of these qualitative trends were also confirmed quantitatively. In particular, Fig. 4 demonstrates that for
the same flow rate, the softest and smooth-surface replica (i.e., with hydrogel) opens much more at the glottis
than all the others, by a maximal ratio close to 3 at ¢ ~ 2 L/s for instance. This result is in line with previous
numerical simulations showing that increasing the vocal-fold stiffness parameters decreases their displacement
and strain in the medial-lateral direction®’, together with their closing velocity. On the contrary, the softest and
tacky-surface replica (i.e., EF10) presents the smaller apertures during vibration. This demonstrates the critical
role played by adhesion forces on vocal-fold vibration, which to our knowledge has never been studied in vitro
nor been the subject of a dedicated numerical study, although controlling the surface condition of artificial vocal
folds has already been identified as a real experimental challenge!"®.

Impact on the aerodynamic behavior

This is evidenced in Fig. 5a,b. Supplementary Figs. S2d,f and S3d,f also report these parameters in function of
the subglottal pressure Ps and the material tensile stiffness E; respectively. Several observations emerge from
these figures:

®  First, although the overall mechanical properties of EF10 silicone are very similar to those of the gelatin-based
hydrogel in the investigated strain range (Fig. 7a—c), the differences of interface quality are such that the
EF10 replica shows a very singular pressure-flow behavior compared to the one molded in hydrogel (and to
those made of the two other silicones as well). More specifically, the EF10 vocal folds require a much higher
flow rate to oscillate (i.e., ¢ > 1.5 L/s) than the hydrogel, which vibrates in the ¢-range from 0.5 to 2.5 L/s
(Fig. 5a). Thus, whatever their level of pre-strain, the phonation threshold pressures of the EF10 vocal folds
lie around 2000 Pa (i.e., in the extreme physiological range reached at high vocal intensities), whereas they
all remain within the standard range between 500 Pa and 2000 Pa for hydrogels (Figs. 5a, S2f for instance).
A possible scenario in view of the recorded high-speed sequences is the following: (i) at low flow rates, the
initial glottal opening is still very small, close to that of all unloaded replicas (Figs. 2, 4). In such a geometric
configuration, the EF10 vocal folds are sufficiently close to be sucked towards each other at the first passage
of air, then remaining in contact with each other due to their sticky interface (Supplementary Videos of Fig. 2,
e.g., first ¢-step of EF10-eps23.mp4 at the vibration onset). The subglottal pressure then rises, reaching even
peaks of 8000 Pa to separate them. Not having been able to store enough elastic energy due to their rather
low mechanical stiffness and stress level, they remain separated without being able to return to each other.
(ii) at much higher flow rates but also much higher pre-strain (sgp A (.23), the pre-stress level and stored
mechanical energy are enhanced, the initial glottal area also increases (Fig. 2) so that fluid/structure interac-
tions can yield possible sustained vibrations. However, the aerodynamic forces at the walls are so high (see
pressure levels in Figs. 5a and S2f) that the elastic restoring forces are no longer sufficient to bring the folds
closer to periodic contact.

e Then, leaving aside the specific trends observed for the tacky-surface material (EF10), the data show that:

(i) the stiffer the material, the higher the subglottal pressure P; measured during the oscillations,
as shown in Figs. 5a and S2f: P, values averaged for all ¢- and 8£p—levels combined are measured
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around 1200 Pa, 2900 Pa and 3600 Pa for the hydrogel, EF30, and EF50 respectively. Besides, for
a given material and flow rate, the higher the applied pre-strain ef;p, the higher the pressure in the
subglottal stage required to maintain self-oscillation (Figs. 5a, S2f). Typically, at ¢ ~ 0.7 L/s and
S‘ZP ~0.30, an increase of about 625 Pa, 800 Pa, and 1150 Pa is induced for the hydrogel, EF30, and
EF50 replicas respectively, with respect to the value required for the onset of oscillations in the
least deformed configuration (sap ~0.05 + 0.02).

(ii) material properties of the vocal folds have also a large impact on the glottal resistance Ry. This is
particularly evidenced at lowest airflow values, i.e., up to ¢ ~ 2.5 L/s (Fig. 5b). Beyond this critical
flow rate, Ry tends towards asymptotic limits around 1500 Pa s/L, which are quite close for all the
selected materials, although ranked in ascending order with material stifftness E; and pre-stress.
Note that for the stiffest materials (EF30 and EF50), the resistance to the flow can reach up to 3-4
times this asymptotic value (at largest pre-strains and lowest flow rates, i.e., for ¢ <0.5L/s).

These results are in line with Fig. 4 showing that for the same flow rate, the stiffer materials open much
less at the glottis, resulting in increased subglottal pressure and greater resistance to airflow as measured by

Alipour et al.*? with ex vivo measurements on several animal larynges.

Impact on the produced sound

Such an impact results from the complex combination of the stress—strain behavior of the material under mul-
tiple loading directions, its pre-load state, its tangent moduli (e.g., E;, Gy), its properties of adhesion, but also of
the fluid/structure coupling and possible collisions established during the vibration. In the end, the three main
audio quantifiers studied in this work (SPL, f,, and HNR) find themselves modified, not all in the same way, and
with sometimes unexpected tendencies:

® Overall, the evolution of sound intensity according to the materials tested remains of second order to that
implied by the airflow ¢, as shown in Fig. 5¢c. Increasing the initial pre-strain applied to the folds has a moder-
ate direct effect on the SPL. Figure S3a also demonstrates that no direct correlation appears between the stiff-
ness of the material and the achieved SPL. However, Fig. S2a clearly shows that by playing with the material
properties of the replica, the same level of SPL can be reached over several orders of magnitude of subglottal
pressure (e.g., SPL ~ 55 dB for at least 6 distinct material and/or mechanical conditions, P; varying from ~
500 to 4000 Pa). Although less critical than flow rate, this highlights the importance of the biomechanical
parameters of the system on the sound intensity, as an indirect consequence of their strong impact on the
pressure distribution in the larynx.

e The variation of the acoustic fundamental frequency f, with the selected material is demonstrated in Fig. 6.
Leaving aside replica EF10, whose singular interface properties induce a very complex coupling with the
fluid (see above), the results show that:

(i) focusing first on the least pre-deformed comparable configurations, the stiffer the material, the
higher the f, frequency, with a discrepancy of about 20 Hz between the hydrogel and the EF50
replica for all flow rates (Fig. 6¢). Based on previous sparse ex vivo™ and in vitro evidences® as
well as numerical predictions®**, this increase of phonation frequency with material stiffness is
expected — even though all absolute values of f, measured in the present work are very low com-
pared to the ones encountered in standard male/female modal speech.

(ii) pre-stretching the folds has a decreasing impact on f, for all replicas, as shown in Fig. 6d. How-
ever, this decrease remains minor, of the order of a few Hz for all materials. The maximum drop is
measured around 5 Hz for the hydrogel, vibrating from 60 Hz down to 55 Hz when progressively
elongated up to sﬁp 2 0.30. Such unexpected strain-induced variations are at odds with in vivo
observations on real human vocal folds during glissando, where f, increases with sap Nor are they
consistent with very recent experiments carried out on excised animal larynges, instrumented to
monitor longitudinal elongation of the folds®, in which an increase in phonation frequency was
also measured with pre-strain 851, albeit in a region of lower values up to 0.06 at most. However,
our results are in agreement with measurements made by Shaw et al.?® on synthetic vocal-fold
models with quasi-linear and isotropic mechanical properties, for which they showed that the f,
frequency decreased slightly with fold elongation.

These non-physiological tendencies can be explained by several discrepancies that remain between the
histo-mechanical characteristics of a biological larynx and our current in vitro idealization: firstly, the longi-
tudinal tensile response of all the materials studied in this work is still quite far from that of native vocal-fold
tissues, even for the optimized hydrogel, due to its isotropy. In particular, the non-linear strain-hardening of
tangent moduli observed on excised human®***!!* or animal vocal folds*>**, which is linked to the progressive
recruitment, deployment and reorientation of collagen fibres towards the load direction®**>*>!13, is not yet
reproduced”®*$; then, the laryngeal envelope and induced boundary conditions are probably still too soft to
mimic the stiffness of native cartilages; the “active” hardening of the vocalis during its contraction in vivo is
also left out of the current replica.

® Finally, the sound quality produced by the four candidates is affected. This is demonstrated by the harmonic-
to-noise ratio (HNR) reported in Fig. 5d, as well as by the audio-video files associated to the spectrograms
and spectra in Supplementary Figs. S4-S5. Most particularly, the sound quality produced by the EF10 replica
differs greatly from that produced by the hydrogel replica. The energy levels of the sound harmonics can be up
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to 40 times higher than those of the background noise when the hydrogel is vibrating (Fig. 5d). Replica EF10,
on the other hand, shows levels only slightly higher than the background noise. This singular noisy acoustic
production of the EF10 replica (Supplementary audio file S4.d) is linked to the lack of contact between the
vocal folds: incomplete glottal closure usually results in the production of a breathy voice*'*>!16, However,
whatever the selected materials, the orders of magnitude recorded for HNR are rather extreme compared to
previous measurements in humans'®*!%, These two studies reported average values of about (i) 25 dB (resp.
20 dB) for healthy (resp. pathological) speakers, and (ii) 8 dB for young adults compared to 5 dB for elderly
people. This indicates that the present materials slightly extend the range achieved in human cases with results
in terms of HNR level below (for the silicone replicas) and above (for the hydrogel) clinical measurements
(see Table 1). The hydrogel is therefore closer to non-pathological cases, unlike silicones which require higher
subglottal pressure to oscillate, hence producing a higher noise level. The efficiency of hydrogel compared to
silicones in producing sound with a lower noise level is remarkable, since both lower airflow and subglottal
pressure are required to obtain a higher level of harmonics (above 30 dB of HNR) in the emitted sound.

Conclusion

An original articulated testbed of human larynx has been developed, allowing to control the pre-phonatory
posturing and degree of longitudinal pre-strain of artificial vocal folds with adjustable material properties upon
finite strains. Four vocal-fold replicas were characterized, identical in geometry but molded with different silicone
elastomers or with a gelatin-based hydrogel, recently optimized to approximate the mechanical behavior of native
vocal folds in tension, compression and shear ex vivo*®. This work compares the intrinsic mechanical properties
of the chosen materials (stress-strain response under various loadings in finite strains, related tangent moduli,
interface properties) in relation to the aerodynamic and acoustic parameters measured during the vibration of
the artificial vocal folds.

The results show the ability of these expandable and isotropic vocal-fold replicas to achieve flow-induced
self-oscillations over a wide range of airflow rates (from 340 mL/s to 3.5 L/s) and for several pre-strains applied
in the anterior-posterior direction (up to 30%). The aerodynamic and acoustic characteristics of the vibrating
replicas varied according to the levels of pre-strain, in line with previous work?*, and over a specific range
depending on the materials. Global trends in aero-acoustic behavior were also evidenced.

The fundamental frequency of oscillation, between 50 and 80 Hz depending on the material, proved to be
lower than the frequency expected for human speech, due to the geometry chosen (long and thick folds). It var-
ied neither with airflow rate nor with subglottal pressure, in line with in vitro observations, but far from ex vivo
and in vivo measurements. For the silicone vocal folds, except the tacky-surface material EF10, the fundamental
frequency of oscillation increased with increasing stiffness.

A linear relationship was evidenced between airflow rate and subglottal pressure (ranging from 0.5 to 5 kPa),
whose slope - namely the differentiated glottal flow resistance - remained constant for all materials (mean values
ranging from 502 to 560 Pa s/L) except for EF10 (185 Pa s/L). Glottal flow resistance decreased mainly with
increasing airflow rate and subglottal pressure, in relation to increased glottal width and glottal area. It increased
slightly with increasing pre-strain. Subglottal pressure for hydrogel and sound pressure level for all materials are
comparable with previous research based on artificial vocal folds'" as well as excised larynges>®>%>7.

The impact of both the overall mechanical behavior and the surface adhesion properties of each tested mate-
rial was evidenced and quantified with regards to the onset of the vocal-fold vibrations, the sustained vibratory
pattern (in terms of glottal opening, vibratory amplitude achieved during the oscillation cycle, and contact
properties between the folds), glottal flow resistance and produced sound. In particular, the performance of
the hydrogel replica in comparison to the classical silicone ones is closer to human characteristics in terms
of subglottal pressure to achieve phonation. In turn, the produced sound has a lower noise level, i.e., a higher
harmonic-to-noise ratio, making this material an interesting candidate for further research. Moreover, the surface
adhesion properties of the materials appear to play a critical role on vocal-fold vibrations. Silicone with a very
tacky surface displayed very singular vibrations, requiring higher longitudinal pre-strains and subglottal pres-
sure to self-oscillate, without any contact. This, to our knowledge, has never been studied in vitro and should be
further investigated in future work.

Overall, the range of multi-physical data measured (geometrical, mechanical, and aerodynamic) matches
those reported in previous in vitro studies It covers some of the ranges reported in previous in vivo and ex vivo
measurements. However, it is noted that the range of certain parameters are too low (fundamental frequency
fo < 60 Hz, part of the glottal flow resistance R; < 3 kPa s/L) or too high (airflow rate ¢ > 0.3 L/s, part of the
maximal glottal area A7"%* > 100 mm?) to match physiological in vivo data. Further developments are needed
to improve the testbedg, and design materials with greater biomimetic properties. One key limitation of the
study is the nature of our current synthetic vocal folds made of a simplified, single-layered structure filled with
homogeneous materials, which are still unable to reproduce the highly non-linear mechanical behavior of native
vocal folds under finite-strains tension. The embedding of fibrous reinforcement with suitable microstructure
gradients in the upper layers* should allow to approach the J-shaped anisotropic target response in tension,
and extend the phonation capabilities of artificial replicas to bring them closer to physiological ranges. Also, the
use of more rigid lateral boundaries on the laryngeal envelope, such as a stiffer cartilaginous glottal stage casing,
would enable more physiological geometry and vibratory patterns to be achieved.

For comparison with measured data, a simple analytical model based on Bernoulli’s principle was applied to
check whether maximum glottal areas could be predicted with airflow as an input parameter. This model gave
qualitatively correct trends, but it failed to accurately predict the measurements due to its strong simplifying
assumptions. A next step will be the development of a more sophisticated modeling approach to gain a better
understanding of the underlying physical phenomena.
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A

testbed that can dynamically stretch biomimetic vocal folds is very useful for exploring source-filter inter-

action phenomena in vitro. The next steps in the developement of the testbed will be (i) to refine the geometry
of the vocal folds so as to produce pitches typical of speech and singing, (ii) to control laryngeal articulatory
movements of adduction, abduction and lateral compression, (iii) to acoustically load the laryngeal tract with a
vocal tract whose geometry can be adjusted according to the vowels in speech.

Data availibility
The datasets generated and/or analysed during the current study (~ 4 Go + video data provided in supplementary
materials) are available from the corresponding author upon request.
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