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diagnosing sleep apnea. In this article, potential for an alternative apnea detection
from snoring acoustic signals is investigated by examining effect of airway
obstruction on onset of soft palate snoring or flutter. To that end, this study is
concerned with flow-induced vibrations of a cantilever plate inside a two-
dimensional, viscous, obstructed channel flow that represents the human pharynx
associated with snoring and obstructive sleep apnea syndrome. The soft palate
vibrations are examined by coupling a full Navier-Stokes flow solver in an Arbitrary
Lagrangian-Eulerian (ALE) description to a thin plate equation of motion. A threshold
velocity for initiation of unstable plate vibration was determined for each different
occlusion depth, and correlating the two, showed that the critical velocity decreased
with increasing occlusion depth. By relating the critical velocity to a breathing cycle,
the time for initiation of snoring could help estimate the degree of localized airway
occlusion and justify further study for potential non-invasive diagnosis of obstructive
airway.
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1. Introduction

Vibrations of structures induced by flow of fluids occurs in many phenomena ranging from
environmental, biological to engineering applications. Not surprisingly, flow-induced vibrations
have attracted intensive research especially flow-induced vibrations of cylinders [1-3], plates [4-6],
membranes or flags [7,8], all of which represent canonical problems that may facilitate
understanding of real-world phenomena. Some of the many current topics in this field include
studies to exploit flow-induced vibrations to harvest energy [9-11] and investigations on fluid elastic
instability such as flutter or galloping, that may lead to unfavorable dynamic structural response
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[7,12]. In particular, the latter topic is also prevalent in human physiology and one of the primary
examples is their role in biomechanics of snoring.

Obstructive sleep apnea involves partial or complete occlusion of human upper airway during
sleep, which compromises sleep quality and reduces oxygen saturation in the blood. Although
snorers may not necessarily have sleep apnea, most apnea patients experience snoring - indicating
a potential relationship between the two conditions. Indeed, people who snore are more
predisposed to obstructive sleep apnea [13,14], which have also been linked to high blood pressure
and cardiac failures [15]. Biomechanics of snoring are closely associated to flow-induced unstable
vibrations of the soft palate and the upper airway walls. At adequately high velocities, flow-induced
vibration of the soft palate becomes unstable — typically via flutter, which seems to be the most
common mechanism for snoring [14].

Flow through channels with internal cantilever plates have been studied extensively to model
physical conditions such as flow-induced flutter and soft palate snoring [16]. The upper airway can
be idealized as a channel flow where an obstruction mimics a narrowed opening that may be
caused by anatomical tissue build-up or collapse of the airway tissues as low pressure develops due
to venturi effects. Sleep apnea patients have been shown to have narrower opening in the
oropharynx [17-19], affecting pharyngeal compliance [20].

Aurégan and Depollier [21] analytically and experimentally investigated flow around flexible
beam that is cantilevered inside a channel, to represent soft palate snoring and showed a flutter-
type instability was involved. While Huang [14], analytically modeled channel flow with a flexible
cantilever plate and showed circulatory part of the fluid loading (as a result of reaction to trailing
wake vortices), was accountable for destabilizing the system vibrations. Using similar linear
theodorsen airfoil theory but in their more recent work, Huang and Zhang [22] analyzed eigenvalue
problem of cantilever plate flutter and showed close coupling between first mode vibrations and
second mode-induced fluid loading. In another study, Guo and Paidoussis [23] analyzed linear
stability of rectangular plate vibrations under various leading and trailing edge boundary
conditions, in a non-viscous 2D channel flow. Their results showed that plates supported at both
leading and trailing edges, experience instability via a divergence mechanism first before other
types of instability modes, due to excessive destabilizing fluid pressures. Tang et al., [24-25]
considered non-linear large plate deformation assuming an inextensibility condition in their
investigations of flow-induced vibrations of a cantilever plate. Although a separate viscous drag
estimation was considered into the plate motion equation, the flow was assumed non-viscous and
the applied pressure difference on the plate was determined by employing an unsteady lumped
vortex model. Similarly, Shoele and Mittal [26] considered two-dimensional channel flow in their
nonlinear eigenvalue analysis of flow-induced plate stability. Although an inviscid flow was
assumed, their analytical model showed good agreement to predict flutter.

Balint and Lucey [27] and Tetlow and Lucey [28] instead considered viscous effects in their
instability analysis for a cantilever plate vibration in a 2D channel flow. Their results demonstrated
that if both top and bottom inlets are open, a flutter instability is generated above a critical or
threshold Reynolds number, due to viscous effects instead of time-dependent flow separation at
the plate trailing edge. If instead one of the inlets is closed, the plate exhibits instability via a
divergence mechanism when a critical velocity is reached. Despite demonstrating lower flow to
plate energy exchange, Tetlow and Lucey [29] showed similar flutter instability when the 2D
channel is driven by pressure difference instead of velocity-driven flow as applied in Balint et al.,
[27]’s research. Other related works from this research group included the interaction between a
cantilevered-free flexible plate and ideal flow [30] and more recently, stability of a flexible insert in
one wall of an inviscid channel flow [31]. Unlike previous studies, Khalili et al., [32] considered
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compressible viscous flow in their fluid-structure interaction solver and further analyzed the
acoustic pressure signals in the two-dimensional channel-plate model. Their spectrum analysis
indicated that the plate oscillation frequency is recognizable when the dominant quarter wave
mode harmonics decay sufficiently.

Current sleep tests tend to be costly and cumbersome for diagnosis of sleep apnea, making it
impractical for mass screening. Since biomechanics and soft tissues involved with sleep apnea and
snoring are similar, acoustic signals from snoring may carry important information concerning the
conditions of the pharynx during sleep. Therefore, a number of studies have examined snoring
signals as alternative technique for diagnosing sleep apnea [33-38]. However, the variation in onset
of snoring against degree of airway obstruction has not been fully investigated as a potential means
for non-invasive and inexpensive diagnosis of sleep apnea. In this study, we aim to correlate the
onset of flow-induced unstable vibrations of the soft palate with varying degrees of airway
obstruction. This paper extends the current results in the literature by investigating the effect of
localized obstruction on the stability of a flexible cantilevered plate, representing soft palate
dynamics during inhalation. A fluid-structure interaction model is used to explore the relationship
between the critical inhalation velocity for onset of palatal snoring and the localized airway
obstruction depth, in relation to possible non-invasive sleep apnea diagnosis. Flow around a flexible
plate that is cantilevered inside a two-dimensional channel is modeled, with a gradually developing
obstruction or narrowing introduced in one of the passages to represent a partially occluded upper
airway.

2. Methodology
2.1 Channel and Cantilever Plate Geometry

Flow over a flexible cantilevered plate inside a channel is modeled with an obstruction at the

upper passage of the channel (Figure 1 (a)) to represent the upper airway with a localized
obstruction (due to perhaps, collapse of the tongue).
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(a) (b)
Fig. 1. (a) Idealization of oral and nasal passage through upper airway (adapted from a public domain
medical illustration (smart.servier.com) under a creative common license), (b) Computational domain
and mesh of the idealized model (D represents obstruction depth)
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Adopting the geometry employed in Balint et al., [27]’s study, a channel half-width of 5 mm is
idealized, but the upstream span between start of the cantilever plate and inlet boundary is set to
50 mm and the downstream distance to the outlet boundary is 250 mm. This is to provide adequate
length for flow to develop before reaching the cantilever plate and prior to channel exit. The length
of the blockage is kept constant but its depth, D is varied between 0 - 4 mm. A uniform velocity
profile is prescribed at the inlet and we examine the variation in the inlet velocity (Ucit) needed for
initiation of plate instability, for different D.

2.2 Fluid Model

The two-dimensional, laminar, incompressible, unsteady Navier-Stokes equations are used to
account for fluid flow in channel, as shown in Eg. 1 and Eq. 2.

_ _ . . 0u;
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o(u; —u;)
o (2)

where u; , @, and p are the fluid velocities, fluid grid velocities and pressure respectively (i, j = 1, 2
represent the 2D cartesian directions), p is the constant fluid density and u represents the fluid
dynamic viscosity. To allow fluid mesh deformation, following the motion of the cantilever plate,
the Arbitrary Eulerian-Lagrangian (ALE) description is used in Eq. 1 and Eq. 2. The fluid grid velocity
is solved using a Laplacian Diffusion model, which can smooth the grid velocity from a value equal
to the plate motion velocity at the fluid-plate interface, to zero grid velocity or displacement at the
boundaries of the fluid domain.

The channel top and bottom wall, and bisecting ‘hard palate’ are prescribed as wall boundaries
(with no-slip conditions). The outlet is defined with a stress-free boundary condition. The channel
length is sufficiently long to allow a fully developed flow towards the cantilever plate. Approaching
the ‘hard palate’, cantilever plate and channel walls, refined boundary layer meshes are defined.
Finer meshing is also prescribed in regions at the vicinity of the blockage and at the tip of the
cantilever plate (as shown in Figure 1 (b)), where sharper flow gradients are expected.

2.3 Cantilever Plate Model

The cantilever plate dynamics is described by the continuum equation in Eq. 3.
pi—z =V -0+ (1) (3)

where pg is the structural density, q; represents the structural displacements, f; is the external
forcing term (obtained from the interfacing fluid pressure and shear) and g;; is the stress tensor (i,
j =1, 2 for 2D structures). The first term on the RHS (right hand side) of Eq. 3 embodies the internal
resistive force in the structure, which for a thin plate (of thickness h, elastic modulus E and Poisson
ratio v) wunder lateral loading, is primarily a function of its bending stiffness, B =
(ER3®)/12(1 — v?). Induced tension in flexible vibrating structures can limit flutter amplitudes [39],
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and therefore non-linear large plate deflection may also be accounted in the present study via Eq.
3.

The root of the flexible cantilevered plate is fixed to the ‘hard palate’, while its trailing edge is
free.

2.4 Fluid-Structure Coupling

The fluid and structural coupling is implemented by requiring both kinematic and dynamic
continuity at the shared fluid-structure interfaces (i.e. compatibility in motion and balance of force
respectively). The steady-state solution for each channel inlet velocity is prescribed as the initial
condition for their respective transient fluid-structure simulation. Both fluid pressure and shear
stresses from the flow solver is communicated to the structural solver and the resulting plate
deflection that is estimated from the structural solver is feed backed to the fluid solver, that then
effects the displacement of the fluid boundary interfacing the plate. For similar time step sizes, this
implies matching structural and fluid velocities at the fluid-structure interface [40,41]. This fluid-
structure coupling is implemented via a partitioned framework in ANSYS 14.5.

Considering A1 and A; as the upper and lower plate surfaces respectively, the energy equation
for the oscillating cantilever plate may be described as [42,43]

itljpsqzdv +1ja- e va =[jafqu+jafqu]—djq2dv (4)
dt 2v 2V A v

Ay

%jpsqzdv : Kinetic energy
\Y

%J'O-. edV : Strain energy
\Y

'[o—f QdA+J0deA: Rate of aerodynamic work
A A

quZdV : Rate of dissipation
\%

where q is the displacement vector of the plate, p; is the density of the plate material, o is the plate
stress vector, € represents the plate strain vector, ¢/ denotes vector of the fluid traction applied on
plate surfaces and d represents a damping parameter of the plate (for a case where damping is
considered). Therefore, the total kinetic and strain energy of the plate (left hand side of Eq. 4 is
induced by the rate of work on the plate imposed by the aerodynamic loading. If this aerodynamic
rate of work exceeds the structural damping - yielding a net positive magnitude on the right-hand
side of Eq. 4, the total plate energy grows with time. As a result, cantilever plate vibration
amplitude increases with time and plate instability ensues.

Vibration characteristics of structures are influenced by a number of physical properties [44]. In
the present study, we considered parameters based on the work in Balint et al., [27]’s research,
which gives a second mode frequency of 100 Hz for the cantilever plate and conforms with soft
palate snoring frequencies between 30-100 Hz reported in previous studies [27]. Table 1
summarizes their values.
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Table |

Parameters in the present fluid-structure system
Parameters Values

Cantilever plate length 8.5 mm

Plate modulus, E 880 MPa

Plate poisson ratio, v 0.3333

Plate density, ps 2272.73 kg/m?
Air density, p 1.18 kg/m?3

Air dynamic viscosity, u 1.982 x 10° Pa.s

2.5 Preliminary Study

A nominal time step of t = 5e-4 s was selected for the simulations, which should be appropriate
with the 100 Hz second mode frequency of the plate. To ensure this time step was adequate, a time
independence test was performed for case D = 0 mm using a time step of t = 5e-5 s. Figure 2 (a)
shows a slight phase shift in plate response, but otherwise minimal difference between both time
steps used - indicating sufficient temporal discretization for the purpose of this study. Each
simulation was performed for a total time of t = 0.05 s (i.e. 100 time steps).

In order to verify adequate spatial discretization is used in the present model, a simulation (for
occlusion depth D = 4 mm) was undertaken with finer mesh (as shown in Figure 2 (b)) where the
baseline mesh size was halved, giving a total of 67322 elements in comparison to the baseline
20363 number of elements. The tip oscillations between the finer and baseline mesh are found to
be very similar suggesting that the results are sufficiently independent from the baseline grid size
employed in the present study.

In addition, previous studies have noted that the channel downstream length may affect the
fluid resistance and inertance, which would then influence the oscillation period of the flexible
plate [27,45]. To evaluate the sensitivity of the cantilever plate dynamics to channel downstream
length, another run for case D = 4 mm is simulated, but with the downstream length increased by
60% - i.e. to 400 mm (from the baseline 250 mm length employed in all the simulations). Again,
both amplitude and frequency response were found to be indistinguishable between both cases
(Figure 2 (c)), indicating the baseline model with 250 mm downstream length, is adequately not
sensitive to channel downstream lengths.

4.00 4 Time [s] Time [s]
= 0.00 : : . : . __0.00 . : . : .
E 3.00 + E o200 % 001 002 003 004 005 E 0204 001 0.02 003 004 005
o 200 1 E gap | E. 940 |
2 1.00 T -0.60 1 T 060
S 0.00 - £ -0.80 | £-0.80
T 4008 001 % ! 0.05 S -1.00 - < -1.00 1
2 200 ] * 5120 4 5120 4
o300 ° B A 140 4 5140
g 5e-5[s] o -1.60 - o -1.60

-4.00 - E 180 4 20363 elements = 180 4

Time [s] s (7322 elements e 400 mm

(a) (b) (c)
Fig. 2. Model verification: (a) temporal sensitivity test, (b) grid independence test, (c) channel length
sensitivity test

3. Results and Discussion
3.1 Critical Inhalation Velocity

We simulated a number of cases with different channel inlet velocities (Uin) to estimate the
critical inhalation velocity for initiation of plate instability, for the considered obstruction depths (D
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=0 mm, 2 mm and 4 mm). The plate oscillation history was observed and instability of the flexible
plate was identified if amplitude of plate tip oscillation increased over time. Figure 3 demonstrates
contours of the streamwise velocity component and corresponding cantilever plate deflections at
the same time instances for Ui, = 0.5 m/s and 0.8 m/s at obstruction depth of D = 4 mm. The
cantilever plate deformation for Ui, = 0.8 m/s are more noticeable and show increasing amplitude
over time - suggesting plate instability, while for Ui, = 0.5 m/s consistent deflection in amplitudes
are generated.
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Fig. 3. Instantaneous velocity comparison (at similar instances) due to cantilever plate
motion for channel occlusion depth D = 4 mm; (a)-(e) for Ui, = 0.5 m/s and (f)-(j) for Ui, = 0.8
m/s. Note the increased proximity of cantilever plate tip to channel wall in (j) compared to
(f) for case Ui, =0.8 m/s

We remark that in previous studies, inspiratory volumetric flow rate of snorers during sleep may
fall in the range of 0.37 + 0.10 L/s [46] and that average hydraulic diameter of nasal posterior
airway space may measure approximately 26.5 mm (in control subjects) and 15.4 mm (in apnea
subjects) [47]. Combining these parameters yield an inflow velocity in the range between 0.7 - 2.0
m/s, within which inlet velocities are applied in the present study.

To identify the critical velocity, tip amplitude over time was plotted for varying inlet velocities
by increments of +0.1 m/s (for example, Uin = 0.6 m/s and 0.7 m/s). Figure 4 (a) shows tip amplitude
growth for inlet velocity Ui, = 0.7 m/s, while for Ui, = 0.6 m/s, it decays over time. The critical
velocity was also evaluated for obstruction depths of D = 2 mm, and D = 0 mm by simulating a
range of different velocities and checking for velocity when tip deflection growth first occurs.
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For an obstruction depth of 2 mm obstruction (D = 2mm), Figure 4(b) shows the tip amplitude
decays for inlet velocity of Ui, = 1.0 m/s, but grows for Ui, = 1.1 m/s. Similarly, in Figure 4 (c) for D =
0 mm, the tip amplitude decays for Ui, = 1.3 m/s, but grows for Ui, = 1.5 m/s. The results suggest
that for channel with occlusion depths of D = 0, 2, 4 mm, the corresponding critical velocities for
initiation of plate instability are respectively: Ucit = 1.4 m/s + 0.1 m/s, 1.05 + 0.05 m/s and 0.65 +
0.05 m/s.

Correlating the critical velocities against obstruction depths, shows the critical velocity has a
negative linear relationship with increasing obstruction depth. The coefficient of determination (R?)
in Figure 4 (d) represents the extent of the variance in the critical velocity that is predictable from
the obstruction depth, which for a linear regression is the square of the correlation between these
variables. The closeness of the R? value to 1.0 shows strong correlation between Uit and D of the
linear equation shown in Figure 4 (d).
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Fig. 4. Oscillation history of plate tip for various inlet velocities under various occlusion depth: (a) D=4
mm, (b) D=2 mm, (c) D =0 mm, (d) Critical velocity variation with obstruction depth showing a linear
correlation

3.2 Instability Mechanism

The tip amplitudes or deflection pattern show a bias in the plate oscillation to deflect away
from the blockage, i.e. tending towards the lower wall, and vibrate about that position. This is
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caused by the originally greater flow resistance in the upper passage - suggesting higher pressure
gradient on the upper channel in contrast to the lower channel. A negative lift (downforce) first acts
on the cantilever plate before the plate oscillation occurs, producing a phase difference between
lift force and plate oscillation. This is similar to features of flutter-type instability, where maximum
positive lift coincides with minimum (negative) displacement of the plate motion, providing
irreversible feed of energy at the appropriate moment from the flow to the oscillating structure.
Unlike instability driven by quasi-static divergence mechanism, which occur when fluid tractions
(67) exceeds the plate resisting internal traction, positive rate of aerodynamic work in Eq. 4 may
also arise despite lower fluid traction values, provided that ¢/ is out-of-phase with the plate
oscillation (q) [27].

3.3 Discussion

Soft palate snoring is characterized through soft palate instability, with oscillation amplitudes
growing over time. The cantilever plate example demonstrated that onset of soft palate instability
(i.e. snoring) is a function of the breathing-in velocity. The presence of occlusion in the proximity of
the soft palate lowers the threshold velocity that initiates unstable soft palate vibrations and thus
snoring. Considering that inhalation velocity accelerates with a sinusoidal profile, earlier initiation
of snoring is predicted for persons with higher degree of occlusion in the proximity of soft palate.
By correlating this critical inlet velocity with time from an inhalation flow curve, we may estimate
the degree of occlusion in the region of the soft palate. When this data is compared with acoustic
recordings of a snoring patient (e.g. in reference [38]), an estimate for the degree of occlusion in
the proximity of the soft palate can be found, based on elapsed time taken from beginning of
inhalation to onset of snoring (At in Figure 5).

At
@ —]
o 0.4 -4 .
g |at 2t
: O Sy
ra S
0.0.4 . o n
5 7 3
S-0.6 &
Time (s) 0 10
TIME (s)
(a) (b)

Fig. 5. (a) Sample of typical breathing flow curve [48], (b) Sample of acoustic recording during sleep [38].
Elapsed time to onset of snoring At, correlates to critical inhalation velocity in flow curve, and therefore
varies with degrees of airway obstruction

While the present work is based on idealized airway geometry and modeling assumptions,
when combined with recent clinical studies the results provide deeper insight to onset of unstable
soft palate oscillations. In a clinical study, subjects with severe sleep apnea were reported to show
more regular snores of time interval < 1s in comparison to healthy sleepers [33]. This implies a
smaller time difference between snoring episodes, indicating a tendency for snoring to start earlier
as critical inhalation velocity for initiation of snoring is lowered when localized occlusion or
narrowing is present in the airway. In another study, apneic patients were observed to have wider
variance in the time between snoring episodes in comparison to benign snorers [34]. As many sleep
apnea patients are reported with more compliant airways, larger variation on occlusion or opening
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size of the airway is expected under the fluctuating negative and positive pressures developed
during breathing cycles. This may be due to lack in control of airway muscle tone or buildup of
softer fatty tissues. As a result, varying threshold velocity for initiation of snoring is expected in
these cases, leading to large variance of elapsed time between snoring.

4. Conclusions

Soft palate snoring was modelled by idealizing flow-induced vibration of a flexible cantilever
plate inside a channel. The instability of this flexible plate under the influence of localized occlusion
was investigated, showing a near-linear reduction in threshold inlet velocity required for onset of
unstable plate vibrations, with increasing occlusion depth. In turn, with shallower occlusion depth,
the critical inlet velocity is linearly higher. The characteristics of the plate instability indicates a
flutter mechanism is involved. Linking the correlation between the critical velocity and occlusion
depth to the breathing cycle, indicated potential measurement variables that could be exploited for
non-invasive diagnosis of airway obstruction - either by measurement of time interval from start of
inhalation to onset of snoring, or perhaps time interval between snoring episodes. Future
simulations for nasal- and oral-only inhalation may need to be explored. Another potential area
that needs to be further considered is the response of the soft palate after potentially contacting
the bounding pharynx (or in this case, channel) walls and how it may affect the soft palate snoring
signals.
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