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Quantifying the auto-oscillation complexity following water spraying with interest for phonation
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Human voiced sound production or phonation is the result of a fluid-structure instability in the larynx leading
to vocal folds auto-oscillation. In this paper, the effect of surface hydration following water spraying (0 up to
5 ml) on an ongoing auto-oscillation is studied experimentally using different mechanical deformable vocal folds
replicas. The complexity of the oscillation is quantified on the upstream pressure by a phase space recurrence
and complexity analysis. It is shown that: (1) the ratio of the degree of determinism to the recurrence rate of
the phase space states γ and (2) estimated correlation dimension D2 are suitable parameters to grasp the effect
of hydration on the oscillation pattern. The oscillation regime after hydration can either remain deterministic
or approach a chaotic regime depending on initial conditions prior to water spraying, such as elasticity, glottal
aperture, as well as oscillation complexity.
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I. INTRODUCTION

Vocal fold (VF) auto-oscillation due to a fluid-structure
(FS) instability within the larynx, between airflow coming
from the lungs and enveloping VF tissues, provides the main
sound source for voiced speech utterances. Observations on
human speakers indicate that surface hydration affects the un-
derlying FS interaction and resulting sound properties [1–6].
Whereas the physical principles of the FS instability are well
studied [7–9], the physical role of surface hydration for voice
production is only marginally investigated [10]. The effect of
surface hydration following water spraying with 0 up to 5 ml
which is pertinent to artificial sprays used for hydration reme-
diation [11] on an auto-oscillating mechanical VF replica was
systematically studied by measuring the upstream pressure
[12,13]. Hydration affected the mean as well as fluctuating
flow fields during a single oscillation cycle [12]. The mean
flow regime shifted from air dominated during the closing
phase to air-water mixed flow during the opening phase and
the fluctuating flow field exhibited droplet induced turbulence.
Changes to the mean flow field explain observed alterations to
primary oscillation properties, such as the harmonic properties
whereas changes to the fluctuating flow field affect the signal-
to-noise ratio and rapid cycle-to-cycle perturbation measures
[13]. Mentioned features are commonly assessed when an-
alyzing normal as well as pathological voice signals [1–6].
Additionally, turbulence generation as well as the change in
flow regime following water spraying might affect the FS
interaction’s complexity. Therefore, in this paper, it is aimed
to quantify the influence of water spraying on the complexity
of the FS instability by considering the correlation dimension
estimated from a recurrence analysis of the phase space
trajectories. Correlation dimension D2 allows to describe
the needed degrees of freedom, i.e., the complexity, with a
single parameter, which is not the case when quantifying
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classic voice signal features. D2 has been used in turbulence
studies since the groundbreaking paper by Takens [14] and
introduced in human voice analysis studies [15–21]. So far,
its use in voice analysis studies is mainly motivated by the
development of speech synthesis and recognition technologies
where speech is considered as a low-dimensional nonlinear
model [10,22,23]. Nevertheless, D2 is also of interest from
an aerodynamic point of view in order to further assess the
assumption that turbulence, such as the described droplet
induced turbulence following water spraying [12], affects
not only fricative speech sound production, but might affect
voicing as well [24]. Different mechanical VF replicas and
different initial preoscillation conditions of elasticity and glot-
tal aperture are assessed given previous studies showing the
coexistence of different vibration patterns related to voicing
and voice register transitions [25].

In the following, first, the experimentally studied FS insta-
bility is described (Sec. II), and the sought correlation dimen-
sion D2 is introduced (Sec. III). Next, results are outlined in
Sec. IV, discussed in Sec. V, and a conclusion is formulated
in Sec. VI.

II. FLUID-STRUCTURE INSTABILITY

Upstream pressure signal Pu(t ) is measured during auto-
oscillation of a deformable self-oscillating replica subjected
to water spraying as detailed in Ref. [13]. Briefly, a uni-
form circular channel (diameter 2.5 cm) is mounted upstream
(trachea, 12 cm) and downstream (vocal tract, 11 cm) from
a deformable VF mechanical replica as shown in Fig. 1.
The upstream channel is equipped with a pressure tap so
that upstream pressure Pu(t ) can be measured with a pres-
sure transducer (Endevco 8507C-5, accuracy ±5 Pa). The
upstream channel is mounted to a pressure reservoir (volume
�0.22 m3), conditioned to suppress parasite acoustic reso-
nances, which is connected to a valve (Norgren, 11-818-987)
controlled air supply (air compressor Altas Copco GA5 FF-
300-8) [12].
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FIG. 1. Frontal view of experimental setup with measured liquid
injection time-tag tL , sprayed liquid volume VL , and upstream pres-
sure Pu(t ). Minimum area variation Ac(t ) is due to a FS interaction
using a deformable VF replica.

During experiments, continuous steady airflow (density
ρG = 1.2 kg m−3, dynamic viscosity μG = 1.8 × 10−5 Pa s,
and temperature 22 ± 2 ◦C) is provided so that the FS inter-
action between the airflow and the deformable VF replica
results in a steady oscillatory pattern in the absence of water.
Experiments are performed with mean upstream pressure P̄u

just above the minimum pressure associated with the sub-
critical Hopf bifurcation to sustain oscillation [26–28]. Then,
distilled water (density ρL = 998 kg m−3, dynamic viscosity
μL = 1.0 × 10−3 Pa s, and temperature 22 ± 2 ◦C) is injected
manually at the downstream end of the channel by emptying
a graduated (accuracy 0.1 ml) syringe equipped with a spray
nozzle (diffusion angle 20◦ ± 1◦, diameter 1 mm) containing
a known volume VL � 5 ml. Water is sprayed homogeneously
across the constricted area (Fig. 1). Water injection is time-
tagged tL by manually operating an electrical switch at the

start and end of each injection. Liquid injection duration takes
less than 3 s for all VL’s so that the overall order of the
magnitude of liquid supply volume flow rate during injection
yields 1.8 ± 0.6 ml/s [12]. It follows that the volume fraction
during an oscillation cycle varies between zero during the
closed phase up to 1 during the open phase [12]. The 5 s
portions of upstream pressure Pu(t ) gathered 5 s after water in-
jection finished are analyzed. This way, the impact of surface
hydration with a spray is mimicked. All signals are acquired
with sampling frequency fs = 10 kHz corresponding to a
temporal accuracy of 0.1 ms which yields �1.5% of the period
for a signal with oscillation frequency �150 Hz.

The FS interaction is studied for different deformable VF
replicas depicted in Fig. 2: pressurized latex tube (PLT de-
tailed in Refs. [29–31]), VF replica, and deformable silicone
VF replicas (labelled M5, MRI and EPI) molded as detailed
in Refs. [13,32–35]).

The PLT VF replica (Fig. 2(a) [29–31]) consists of two
latex tubes mounted in a metallic holder. Each VF latex tube
(diameter 11 mm and thickness 0.2 mm) is pressurized (PPLT)
by connecting it to a water column whose height can be
changed so that the elasticity is determined by the internal
pressure PPLT of each latex tube. The position of each VF
with respect to the centerline of the attached downstream
and upstream tube (Fig. 1), and hence, the initial spacing
between both VFs in the absence of airflow can then fur-
ther be varied using micrometer screws (Mitutoyo 153-101,
accuracy 0.01 mm, range 5 mm). Different PPLT and screw
openings omm are assessed so that the initial glottal area ranges
from 18 mm2 up to 74 mm2. Different initial PLT conditions
are denoted as (PPLT, omm). Concretely, five different PLT
VF replica conditions are considered—(2300,0), (2800,0),
(3300,0), (2800,1), and (2800,2)—so that either omm or PPLT

is deflected from condition (2800,0). Mean upstream pres-
sure P̄u yielded 250 < P̄u < 480 Pa for the PLT VF replica
conditions.

Deformable silicone VF replicas (Fig. 2(b) [13,32–35])
are molded so that their elasticity and initial apertures are
constant. Three silicone VF replicas (M5, MRI, and EPI
detailed in Refs. [13,32–35]) are considered which differ in
geometry and composition, i.e., two (M5), three (MRI), or
four (EPI) molding layers and a backing layer attaching it to a
rigid support, i.e., region outside of the top view frames shown
in Fig. 2(b). The M5 VF replica is a two-layer (muscle and

FIG. 2. Deformable mechanical VF replicas: (a) PLT with initial conditions (PPLT, omm ) [29–31], (b) silicone moldings M5, MRI, and EPI
[13,32–34].
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superficial layer) reference model following the so called M5
geometrical VF model [36]. The MRI VF replica has a more
realistic geometry derived from magnetic resonance imaging
data of a human VF [34,35]. It has a three-layer structure by
adding a third thin and stiff surface layer representing the
epithelium to the two-layer structure of the M5 VF replica.
The EPI VF replica is obtained by inserting an extremely soft
deep layer between the muscle and the superficial layer of
the three-layer structure used for the MRI VF replica [33].
The EPI VF replica cast is inspired on the geometrical M5
VF model so that its geometry is a scaled version of the M5
VF replica. The initial glottal area, i.e., spacing between VF
without airflow, yields less than 10 mm2 for all silicone VF
replicas. Mean upstream pressure P̄u yielded P̄u ≈ 460 Pa for
the EPI VF replica and 1450 < P̄u < 1800 Pa for the MRI and
M5 VF replicas.

III. TIME SERIES ANALYSIS

The correlation dimension D2 relies on a phase space
reconstruction of the system dynamics from a series of mea-
surements at equally spaced intervals in time [37]. Let Pu(n)
with n = 1, . . . , N denote the measured upstream pressure
time series of length N . A set of m-dimensional reconstructed
vectors ym

i is generated using the method of delays as

ym
i = {Pu(i), Pu(i + τ ), Pu(i + 2τ ), . . . , Pu[i + (m − 1)τ ]}T ,

(1)

where ·T is the transpose operator, τ indicates the time de-
lay between consecutive samples in the reconstructed space,
and m denotes the embedding dimension so that Nm = N −
τ (m − 1) vectors can be reconstructed for each m dimension
[14,37,38]. The distance dm

i, j = d (ym
i , ym

j ) between each pair
of reconstructed vectors is computed as the Euclidean l2 norm
of the difference vector �ym

i, j = ym
i − ym

j so that

dm
i, j =

√√√√
m∑

k=1

[
ym

i (k) − ym
j (k)

]2
. (2)

The probability of the reconstructed vector pair distance being
smaller than a certain threshold r is then given by correlation
sum Cm(r),

Cm(r) = 1

Nm(Nm − 1)

Nm∑
i, j = 1
i �= j

H
(
r − dm

i, j

)
, (3)

where H (·) indicates the Heaviside function so that H (x) = 1
for x � 0 and H (x) = 0 for x < 0. For large enough values
of r, di, j < r holds ∀ {i, j} combinations so that Cm(r) =
1. It follows that for deterministic systems Cm(r) decreases
monotonically from 1 towards 0 as r approaches 0. Therefore,
assuming Cm(r) ≈ rDm

2 results in correlation dimension,

Dm
2 = lim

r→0

ln Cm(r)

ln r
. (4)

The slope in the linear region of the ln Cm(r) versus ln r
domain is considered as an estimation of Dm

2 [37,39–41].
For increasing embedding dimension m, Dm

2 converges to a

finite value of D2. As the system is more complex, i.e., as
more degrees of freedom are required to describe the system’s
dynamics, D2 is larger.

Time-delay τ is estimated as the first local minimum of
the mutual information [37,40], and the required minimal
embedding dimension m is obtained using the method of
false nearest neighbors [37,42,43]. Correlation dimension D2

is then estimated from a recurrence analysis of the Nm re-
constructed phase space trajectories of upstream pressure Pu

[37,41,44]. The recurrence analysis is based on recurrence
plots Ri, j defined by the summation terms in Eq. (3) as

Ri, j = H
(
r − dm

i, j

)
. (5)

Recurrence plots Ri, j represent the number and duration of re-
current states and, as such, express the degree of predictability
inherent to the system. For a fully predictable, i.e., determin-
istic, oscillating system states are recurrent as initially neigh-
boring states remain so over time, and Ri, j is characterized
by uninterrupted diagonal lines. As chaos is introduced in the
system, initially neighboring states will eventually diverge in
time when the system loses its predictability so that Ri, j is
characterized by diagonal lines of finite length l . The shorter
l the faster states diverge and the more the system approaches
a chaotic regime. Recurrence plots Ri, j are then quantified
considering the degree of determinism D, the recurrence rate
of states R and their ratio γ = D/R defined as

D =
∑Nm

l=lmin
lP (l )∑N

l=1 lP (l )
, (6)

R = 1

N2
m

Nm∑
i, j=1

Ri, j, (7)

γ = N2
m

∑Nm
l=lmin

lP (l )
(∑Nm

l=1 lP (l )
)2, (8)

with P (l ) as the histogram of diagonal lines with lengths l
and minimum line length lmin � 2. In addition, entropy E is
obtained from the probability distribution of the diagonal line
lengths p(l ) as

E = −
Nm∑

l=lmin

p(l ) ln2 p(l ). (9)

IV. RESULTS

Measured time series of upstream pressure Pu(t ) (left) and
their phase representation (right) following water spraying
with volumes VL � 5 mL are illustrated in Fig. 3 for a sil-
icone VF replica (MRI in Fig. 3(a)) and a PLT VF replica
condition [(2800,0) in Fig. 3(b)]. To facilitate comparison
between times series, Pu is upshifted (+1500 Pa) with each
VL increment, and time t is normalized with respect to the
lowest characteristic oscillation period 1/ fN with fN (VL ) as
indicated for each time trace. For all VF replicas, embedding
dimension m varies in the range of 10 � m � 25, and time-
delay τ varies in the range of 15 � τ � 35. Water spray-
ing enhances auto-oscillation for all VF replicas since the
lowest characteristic oscillation frequency fN decreases with
VL and from the phase space trajectories is seen that the

043111-3



A. VAN HIRTUM, A. BOUVET, AND X. PELORSON PHYSICAL REVIEW E 100, 043111 (2019)

FIG. 3. Illustration of upstream pressure time series Pu(t fN ) (left) and their phase space representation (right) for volumes VL � 5 ml (gray
scaling indicating VL in milliliters and fN in hertz) for (a) silicone (MRI) and (b) PLT [condition (2800,0)] VF replicas. For clarity, time series
Pu(t fN ) are upshifted (+1500 Pa) with each VL increment.

oscillation amplitude increases which confirms findings re-
ported in Ref. [13]. For silicone VF replicas, fN corresponds
to the first harmonic, whereas for PLT VF replica conditions,
a subharmonic frequency is generated as observed from the
period doubling for VL � 2 ml in Fig. 3(b). As a consequence,
the phase state representation for the silicone VF replicas
exhibits a single oscillation trajectory regardless of VL as-
sociated with a stable deterministic oscillation regime for
each VL. For PLT VF replica conditions, the generation of a
subharmonic oscillation frequency makes the phase trajectory
more complicated as single oscillation cycles [VL ∈ {2, 3} ml
in Fig. 3(b)] become less stable until [VL ∈ {4, 5} in Fig. 3(b)]
an inner cycle imprints on the trajectory due to the growth of
the subharmonic with VL so that the trajectory in phase space
approaches a chaotic oscillatory regime as divergences of the
cycles in phase space can be observed as VL increases.

Recurrence plots [Eq. (5)] of the phase space state tra-
jectories are illustrated in Fig. 4 for VL ∈ {2, 4} ml for the
silicone (MRI) and PLT VF replica [condition (2800,0)]. For
VL = 2 ml, both recurrence plots display a regular pattern
of diagonal lines reflecting the harmonic properties of the
auto-oscillation. For VL = 2 ml, recurrence plots can reveal
some degree of loss of determinism illustrated for the PLT VF
replica at VL = 4 ml [Fig. 4(d)] as irregular shorter diagonal
lines are observed. The MRI replica, on the other hand,
remains in a deterministic oscillatory regime for VL = 4 ml
[Fig. 4(c)].

Recurrence plot properties [D, R, and γ defined in
Eq. (8)] are then quantified for all VF replicas as a function

of VL. Degree of determinism D(VL ), recurrence rate R(VL ),
and their ratio γ (VL ) are plotted in Fig. 5. For VL = 2 ml,
all VF replicas exhibit a stable oscillatory pattern as D >

90% in Fig. 5(a), i.e., recurrence plot with mostly uninter-
rupted diagonal lines as shown in Figs. 4(a) and 4(b). As
VL increases, silicone VF replicas remain characterized by a
stable deterministic pattern [e.g., Fig. 4(c)] so that D > 90%
for all VL’s. PLT VF replica conditions, on the other hand,
approach chaotic behavior as VL increases so that D reduces
to within the range of 70% < D < 90% for VL ∈ {4, 5} ml.
Recurrence rates R(VL ) [Fig. 5(b)] and ratios γ (VL ) [Fig.
5(c)] further confirm tendencies described for D. Recurrence
rate R increases as a system approaches a chaotic regime as
more states occur compared to the stable deterministic regime.
The increase in R remains negligible (�2%) for silicone VF
replicas regardless of VL whereas it increases with up to 10%
for PLT VF replicas for VL = 2 ml. It follows that ratio γ

is maximum (high D and low R) for VL ∈ {0, 1} ml since
the auto-oscillation result in a deterministic stable oscillation
for all VF replicas. For VL = 2 ml, γ will decrease with a
degree and at a rate proper to each VF replica and imposed
initial conditions (PPLT, omm). The decrease remains limited
to <20% for silicone VF replicas (6.1 � γ � 5.1) indicating
a deterministic oscillation regime and becomes significant up
to <50% (5.7 � γ � 2.8) for some PLT VF replica initial
(PPLT, omm) conditions indicating the loss of stable oscillation.

Quantified properties D(VL ), R(VL ), and their ratio γ (VL )
suggest that water spraying (VL > 0 ml) can cause the oscilla-
tion pattern to approach a chaotic complex oscillation pattern
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FIG. 4. Recurrence plots for VL ∈ {2, 4} ml for VF replicas PLT
condition (2800,0) and silicone MRI: (a) PLT with VL = 2 ml,
(b) MRI with VL = 2 ml, (c) PLT with VL = 4 ml, and (d) MRI with
VL = 4 ml.

depending on the VF replica, imposed initial conditions, and
on VL. The complexity of the auto-oscillation is quantified by
entropy E (VL ) [Eq. (9)] and estimated correlation dimension
D2(VL ) [Eq. (4)] plotted in Fig. 6. Overall entropy E (VL ) [Fig.
6(a)] shows a small increase in the range of 7.7 � E (VL ) �
9.0 for PLT VF replica conditions whereas it remains of
similar magnitude for the silicone VF replicas within the range
of 7.5 � E (VL ) � 8.6. Nevertheless, E (VL ) tendencies are not
sufficiently pronounced to sustain a conclusion. Correlation
dimension estimates D2(VL ) are shown in Fig. 6(b). For VL <

2 ml, 1.01 < D2 < 1.12 holds and increases for VL � 2 ml
at a rate which differs between VF replicas. For silicone VF
replicas, the increase is limited to within 10% as 1.01 <

D2(VL ) < 1.12. For PLT VF replica conditions, the increase is
more pronounced and yields up to 85% as 1.07 < D2(VL ) <

2.00 holds.

V. DISCUSSION

The phase space state and recurrence plot analysis, pre-
sented in Sec. IV, shows that estimated correlation dimension
D2 (increase within 85%) and ratio γ (decrease within 50%)
are suitable quantities to express changes to the complexity
of the steady state auto-oscillation pattern due to surface
hydration following water spraying.

Observed γ (VL ) and D2(VL ) tendencies indicate that water
spraying for VL � 5 ml does not impact the deterministic
oscillation regime for silicone VF replicas whereas the system
approaches a chaotic regime for PLT VF replica conditions.

FIG. 5. (a) Degree of determinism D(VL ), (b) recurrence rate
R(VL ), and (c) their ratio γ (VL ) for VF replicas (symbols) shifted
around each VL value for clarity.

This confirms observations reported for the signal-to-noise
ratio and the fast cycle-to-cycle perturbations of amplitude
and period [13]. The increased overall stability of the auto-
oscillation for silicone VF replicas compared to PLT VF
replicas is in line with the initial complexity observed for
VL = 0 ml as γ (VL = 0) and D2(VL = 0) are larger and lower,
respectively, for silicone VF replicas than for PLT replica
conditions.

For the PLT replica and VL ∈ {0, 1} ml recurrence, plots
exhibit a pattern of diagonal lines so that D2 is near unity and
γ is near its maximum, which is inherent to a deterministic
oscillation pattern. For VL � 2 ml, the oscillation regime be-
comes more complicated as period doubling is observed, the
degree of determinism D decreases, and the recurrence rate
R increases illustrating that the system loses some of its pre-
dictability as chaos is introduced in the system. The degree to
which the initial stable oscillation pattern is disturbed depends
on the imposed initial conditions of aperture (omm ∈ {0–2} and
PPLT = 2800) and elasticity (PPLT ∈ {2300, 2800, 3300} and
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FIG. 6. (a) Entropy E (VL ) and (b) estimated correlation dimen-
sion D2(VL ) for VF replicas (symbols) shifted around each VL

value for clarity. The frame contains a zoom for D2(VL ) with VL ∈
{1, 2} ml.

omm = 0). Estimated D2 and γ tendencies suggest that the
complexity increases with initial aperture (increase of omm)
and with rigidity (increase of PPLT).

For future research, it is of interest to investigate the influ-
ence of initial conditions and the influence of the imposed P̄u

on the initial oscillation complexity for VL = 0 ml and on the
complexity increase following hydration by water spraying
(VL > 0 ml). This way the influence of initial conditions on

the coexistence of different attractors can be further studied
[25]. In particular, the role of aerodynamic turbulence needs
further investigation, and direct observation of the oscillation
might contribute to the understanding of the effect of hydra-
tion in terms of oscillation modes [45–47]. Spraying with
other liquids needs to be assessed in order to increase the
relevance with respect to VF surface hydration and artificial
saliva sprays.

It is noted that the estimated range of D2(VL ) values (1 �
D2 � 2) observed for the mechanical VF replicas is similar
to the range reported for human speakers during normal voic-
ing by several researchers [15–19]. This encourages further
quantification of D2 as well as γ in order to inform on the
oscillation regime and its complexity.

VI. CONCLUSION

The use of different mechanical VF replicas showed that
after water is sprayed (VL � 5 ml) on a stable auto-oscillation
either the deterministic regime is maintained or the oscillation
approaches a chaotic regime introduced by period doubling.
Phase space state recurrence feature γ , i.e., the ratio of the de-
gree of determinism to the recurrence rate of the phase space
states, and estimated correlation dimension D2 are suitable
parameters to express the influence of hydration following
water spraying on the oscillation regime. Besides initial pre-
oscillatory conditions related to the glottal aperture and VF
elasticity also the initial FS complexity determine the impact
of water spraying on the complexity of the oscillation regime.
The initial complexity near the onset pressure of oscillation is
found to be lower for silicone VF replicas than for PLT VF
replica conditions. Future research perspectives are outlined.
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