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SNORING: LINEAR STABILITY ANALYSIS AND
IN-VITRO EXPERIMENTS
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A theoretical and experimental study is presented of the aeroelastic instability of the
human soft palate, which can explain the occurrence of snoring. The soft palate is modelled
by a beam clamped at its leading edge and free at its trailing edge. The continuous and
discrete cases are investigated. Only the two first modes of vibration of the soft palate are
taken into account. The flow is incompressible, inviscid and one-dimensional. Structural
damping and flow nonstationarities can be considered. Theory shows that the soft palate
loses its stability by flutter and that this instability is mainly controlled by a single
dimensionless parameter which can be easily interpreted from a medical point of view. An
experimental apparatus which produces sounds very close to human snoring is described.
Agreement between theory and experiments is good.
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1. INTRODUCTION

Flow-induced vibrations are very common phenomena which take place in various
situations: e.g., the flutter of a flag in the wind or the musical sound produced by a reed
instrument. In any case, this phenomenon can be seen to be a result of the loss of stability
of a mechanical oscillator interacting with a continuous flow.

The linear theory applied to such systems shows that the amplitude of the oscillations
grows exponentially when the instability occurs: i.e., when a control parameter, for
example the flow velocity, reaches a critical value. For the model to remain valid following
the onset of instability, non-linear terms have to be inserted in the equation of motion.
Therefore, the dynamical behaviour of these physical systems is governed by essentially
non-linear equations of motion. However, when one studies the stability of the system the
equations of motion can be linearized about equilibrium, and hence one considers the onset
of oscillations. In this case, for a subsonic flow, the simplest modeling of an oscillatory
bifurcation implies two degrees of freedom which characterize the essential properties of
the systems. These allow one to distinguish two classes of systems: first, systems for which
the two degrees of freedom involve one mechanical oscillator and one flow oscillation
respectively, and second, systems involving two mechanical oscillators coupled by the fluid
flow. Among the most typical systems the reed instruments and the aeolian harp [1] belong
to the first class, while the vocal cords [2], elastic pipes conveying an incompressible fluid
[3], or panels in uniform flow [4] belong to the second one. Human snoring is produced
by a system which also belongs to the second class. Medical observations show that this
phenomenon is due to the soft palate vibrations induced by the inspiratory flow [5].
Roughly, it can be understood as follows: in some cases the soft palate becomes
aeroelastically unstable and when it bumps against the pharingeal walls, it closes the upper
airways, causing large changes of pressure in the inspiratory airflow and producing its
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characteristic noise. Recently, snoring has received a great deal of attention from a medical
point of view because of its relationships with the sleep apnea syndrome.† These studies
are mainly devoted to the effects of snoring on health, to the treatment effects [6] or to
the description of the noise produced [7, 8]. To our knowledge, little attention has been
given to the biomedical source of snoring except for the work of Gavriely and Jensen [9]
which presents a model explaining the closing of the upper airways during snoring but not
the reopening. Thus the aim of this paper is to answer as simply as possible the following
questions: Why does one snore? What are the conditions required for snoring� ?

In order to find a biomechanical model providing answers to these questions, two main
points of view can be found in the literature. In the first, the length of the flexible structures
under consideration is infinite or at least much greater than the wavelength of the elastic
perturbation wave in the structure. Therefore the main structure characteristics can be seen
as a wave speed and the stability criterion does not involve boundary conditions in the
wave propagation direction [10]. In the second, the size of the vibrating structure is of the
order of the perturbation wavelength (small aspect ratio). In this case, the simplest way
to take the boundary conditions into account is a modal expansion in combination with
Galerkin’s method. In the snoring phenomenon, the length of the soft palate (04 cm) is
of the same order of magnitude as the typical wavelength for transverse vibrations.‡ From
the above considerations this means that modal expansion will make our study easier, and
the simplest modelling will be a two-mode flutter.

2. MODEL DESCRIPTION

The soft palate is a very flexible structure located at the confluence of the nasal and
buccal tracks where they connect with the pharynx, as shown in Fig. 1(a). During snoring,
the soft palate vibrates at a frequency of 20–80 Hz. Therefore, its transverse vibrations are
far faster than the motion of the surrounding walls (the tongue, and the posterior wall of
the pharynx have typical oscillation times of the order of 1 or 2 seconds). As a result,
during snoring the structural behaviour of the upper airways can be modelled as one of
a flexible structure in a rigid walled channel (see Figure 1(b)).

For simplicity, we consider a two-dimensional situation and in this case, relative to the
equilibrium state, the motion of the structure is a solution of the equation

Lx,t [w(x, t)]=DP(x, t), (1)

where DP(x, t) is the pressure difference, produced by the motion, between the two sides
of the plate, w(x, t) is the transverse displacement of the plate from the equilibrium
position, and Lx,t [ · ] is a second order in time linear differential operator (with the
co-ordinates x and t) which will be specified by physical modelling further on. For
example, in the case of a continuous rectangular beam, this operator is

Lx,t [w(x, t)]=(Ee3/12) 14w(x, t)/1x4+me 12w(x, t)/1t2,

†A sleep apnea is a respiratory pause (during more than ten seconds) caused by the collapse of the soft parts
of the upper airways during breathing.

‡The wavelength (l) used as a characteristic length is defined from the transverse vibrations of prismatic beam
theory by the relation:

l={Ee2/127v2}1/4.

where E is the Young’s modulus, e is the thickness of the beam, 7 is the mass density, and v is the angular
frequency. In snoring their estimated values are as follows: E0106Nm−2; e05×10−3m; 70103kgm−3;
v0125rads−1.
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Figure 1. (a) A schematic description of the human pharynx; (b) a model of the pharynx (the moving part
is in black).

where E, e and m are, respectively, the Young’s modulus, the thickness and the density
of the beam.

2.1.   

For the solution of equation (1), w(x, t), in the form of an infinite expansion in terms
of dimensionless spatial natural modes cm (x), one can write

w(x, t)=s
a

i=1

Ai (t)ci (x), (2)

where the functions cm satisfy the same boundary conditions as w(x, t),

w(0, t)=0, 1w(x, t)/1x=x=0=0, 12w(x, t)/1x2=x=L=0, 13w(x, t)/1x3=x=L=0,

and are the eigenfunctions of the spatial part Lx [ · ] of the operator Lx, t [ · ].
For compatible geometries and simple enough boundary conditions, one can determine

analytical expressions for the eigenmodes cm (x). For example, in the case of a flat plate
clamped at one end and free at the other, the eigenmodes form a set of orthogonal
functions if one neglects dissipation in the structure [11]. For more complicated geometries,
one can still find, by numerical methods, a set of functions which approximately satisfies
the orthogonality condition. Using Galerkin’s method [12], one changes the partial
differential equation (1) into an infinite set of ordinary differential equations for the
amplitudes An (t):

d2An (t)
dt2 +v2

nAn (t)=
1

Mn g
L

0

cn (x) DP(x, t) dx, n=1, . . . , a. (3)
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In this equation, the modal mass per unit width, Mn , is given by Mn=mnmeL, where

mn=(1/L)g
L

0

c2
n (x) dx

is a dimensionless parameter depending on the modal shape; m, e and L are, respectively,
the density, the thickness and the length of the soft palate and vi represents the natural
frequencies of equation (1) for DP00 (free oscillations).

2.2.  

The aerodynamic pressure difference DP(x, t) is related to the motion of the structure
in the fluid, and is the result of various phenomena. In our particular case, the fluid flows
in a narrow channel, between the wall and the moving structure, and so the streamline
curvature effects which are very important in free field conditions [4] can be neglected. We
assume a quasi-parallel flow and as a consequence a uniform pressure across the flow.
Typically, the maximal inspiratory flow rate is about 1 l s−1 and the cross-section of the
channel about 2 cm2, so that a typical velocity of the fluid is 5 m s−1. This leads to a
maximal Reynolds number of 3000. The pressure drop induced by friction losses along
the soft palate is therefore negligible in comparison to the inertial effects as long as the
height of the channel is more than 1 mm [13]. These friction effects are useful only in the
explanation of snoring sound production to avoid a singular flow behaviour upon closing
of the channel. Here, in the description of the onset of snoring, they are negligible. For
reasons of simplicity, we will further assume a uniform flow when calculating inertial effects
in the channels.

The mean steady velocity of the air in both channels is given by the ratio of the upstream
pressure drop (in the mouth and in the nose). We will further consider for the sake of
simplicity that this ratio is equal to 1 so that the velocity is the same in both channels.
However, this model can be simply generalized to other cases (for instance, to the case
in which one of the channels is closed). This assumption avoids complex calculations when
we take unsteadiness into account.

If we define a Strouhal number by the ratio of the snoring fundamental frequency (about
50 Hz) times the length L of the soft palate over the typical fluid velocity U0, we find a
typical value of 0·4. Therefore, the non-stationary flow effects are essential in snoring.
Because the system is small compared to the acoustical wavelength corresponding to f0 and
as the Mach number is small, the flow is locally incompressible.

Figure 2. A description of some notations used in the model.
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2.3.  

The following equations are being formulated for the upper (a) channel and similar
equations with w(x, t) replaced by −w(x, t) hold for the lower (b) channel, with now the
subscript b instead of a.

The first equation expresses the conservation of mass, and upon assuming that the fluid
is incompressible, it can be written in the form (for the notation, see Figure 2):

(1/1t){Ha−w(x, t)}+(1/1x){ua (x, t)(Ha−w(x, t))}=0. (4)

The fluid velocity can be split into a steady flow velocity Ua and a fluctuating part ũa (x, t):
ua (x, t)=Ua+ũa (x, t). Using this definition and equation (4), one obtains

ũa (x, t)=
1W(x, t)/1t+Uaw(x, t)+Haūa

Ha−w(x, t)
, (5)

where the potential integral of the displacement w(x, t) is

W(x, t)=g
x

0

w(x', t) dx'

and ūa=ũa (0, t). One can linearize equation (5) by expanding ũa (x, t) in a power series in
the small parameter w(x, t)/Ha . The zero-order term is related to the equilibrium condition
and, upon keeping only the first order term, the solution of equation (4) can be written
as

ũa (x, t)=ūa+(1/Ha ){1W(x, t)/1t+Uaw(x, t)}. (6)

The pressure is determined accordingly by the unsteady Bernoulli equation:

pa (x, t)−pa (0, t)=
7

2
{(Ua+ūa )2−(Ua+ũa (x, t))2}−7 g

x

0

1ũa (x', t)
1t

dx'. (7)

Like the velocity, the pressure is split into a steady part Pa and a fluctuating part p̃a , i.e.,
pa (x, t)=Pa (x)+p̃a (x, t), while the input pressure is written as pa (0, t)=Pa (0)+p̄a (t). To
first order, equation (7) becomes

p̃a (x, t)=p̄a (t)=
7

Ha 6U2
aw(x, t)+2Ua

1W(x, t)
1t

+
12W(x, t)

1t2 7−7x
dūa (t)

dt
, (8)

where

W(x, t)=g
x

0

W(x', t) dx'.

To determine the pressure completely, one must take into account the following (the
superscripted asterisk notation here means the value of the function at x=L): the equality
of the pressure at the end (x=L) of the channels,

pa (L, t)=pb (L, t)=p*(t); (9)

the input impedance equations,

p̄a (t)=−Zaūa (t), p̄b (t)=−Zbūb (t); (10)
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the conservation of mass and of momentum in the mixing zone of length DX (see Figure 2),

Hau*a +Hbu*b =Hpũp , p*=p̃p+7 DX 1ũp /1t, (11)

where Hp=Ha+Hb+e, ũp and p̃p are the fluctuating parts of the velocity and of the pressure
downstream of the mixing zone; the output impedance equation:

p̃p (t)=Zpũp (t). (12)

The equations (6) and (8) for the channels a and b, and (9)–(12) allow the calculation of
the pressure pa and pb .

For simplicity, we consider, in section 2.4, a quasi-stationary model without viscous
losses. It leads to a flutter bifurcation with a very simple instability condition. We shall
consider, in the later section, the effects of the unsteadiness and of the upstream viscous
losses on this condition.

2.4. -  

In snoring, as in our experimental system, the Strouhal number fL/U is of the order of
0·1. Then, in a first approximation, we consider a quasi-stationary model and the time
derivatives of the flow parameters drop out. Furthermore, if we consider that the viscous
losses upstream of the soft palate are the same in both channels, Bernoulli’s theorem with
the equality of pressure at the end of the soft palate (9) implies that the steady air velocity
is the same in both channels: Ua=Ub=U. With those assumptions, the pressure difference
between both sides of the soft palate reduces to

DP(x, t)=7{(1/Ha )+(1/Hb )}U2(w(x, t)−w*(t)), (13)

where w*(t)=w(L, t). In the following, we write 1/H=(1/Ha )+(1/Hb ). Upon introducing
the dimensionless time t=v1t and length j=x/L, equation (3) becomes

d2an (t)
dt2 +b2

nan (t)=−
7U2

v2
1meH

g
F

f
anc*n −1

mn
an (t)+s

a

j=1

j$n

anc*j
mn

aj (t)h
J

j
, (14)

where an (t) is the dimensionless An /L, bn=vn /v1, c*n is the value of cn when j=1 and

an=g
1

0

cn (j) dj.

Note that bn and the term in brackets on the right side of equation (14) depend only on
the modal shapes. All the other physical parameters, which are involved in the stability
analysis, can be reduced to a single dimensionless control parameter, g=7U/v2

1meH, which
characterizes the ratio of inertial forces in the fluid to stiffness forces of the soft palate.

If the viscous losses are not the same in both channels (for instance, if one channel is
closed) this parameter can be more generally written as g=(7/v2

1me){(U2
a /Ha )+(U2

b /Hb )}.
In the specific case of a two mode model, equation (14) can be written as

dx/dt=Agx, (15)
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where

Ag=$ 0

−Kg

I

0%, x=G
G

G

F

f

x1

x2

x3

x4

G
G

G

J

j
,

Kg=$1+ga11

ga21

ga12

b2
2+ga22%

is the stiffness matrix, x1=a1(t), x2=a2(t), x3=da1(t)/dt, x4=da2(t)/dt, and aij=
(aic*j −dij )/mi . (The numerical values of b2 and aij are given in the appendix for the two
particular cases of a clamped–free uniform beam and a bi-articulated beam.)

To investigate the stability of the equilibrium, we assume an exponential form for the
vector x=j est. The stability is then determined by the real part of the eigenvalues si ,
i=1, . . . , 4, given by a quadratic equation

det (Ag−si I)=s4
i +tr (Kg )s2

i +det (Kg)=0. (16)

The system (15) is generically stable as long as the conditions

dis (Kg)=tr3 (Kg)−4 det (Kg)q0, det (Kg)q0 and tr (Kg)q0

are valid. The eigenvalues are then purely imaginary numbers, two by two conjugated
(s1=−s3, s2=−s4). The instability arises when at least one eigenvalue (e.g., s1) has a real
part becoming positive. This can occur in two ways: (i) when tr (Kg) or det (Kg) becomes
negative; in this case, Im (s1)=0; this instability is called divergence; (ii) when dis (Kg)
becomes negative; in this case, the two pairs of conjugated eigenvalues coincide
(s1=s2=−s3=−s4) before Re (s1)q0; this instability is called flutter.

In the case of a beam clamped at one end and free at the other, the aerodynamic stiffness
coefficient a11 is positive. This shows that the stiffness (and therefore the frequency) of the
first mode increases when g increases (i.e., when the flow velocity increases, when the
heights Ha and/or Hb decreases, etc.). On the other hand, the stiffness of the second mode
decreases with g (a22Q0) because of the modal shape. The coupling aerodynamic
coefficients a12 and a21 are opposite in sign, showing that the coupling, through the
boundary conditions at x=L, is non-conservative [14]. For this kind of system, when g

is increased the first instability encountered is the flutter instability (dis (Kg)=0 while
tr (Kg)q0 and det (Kg)q0). So the critical value of the control parameter g is

gcr=(b2
2−1)/(a11−a22+2z−a12a21). (17)

From the numerical values given in the Appendix, the critical value of g is 8·05 for a
clamped–free uniform beam and 2·43 for a bi-articulated beam. The difference between
these values comes mainly from the difference in b2 (ratio of the second on the first natural
frequency) for the two beams under consideration.

2.5.   

The destabilizing effect of damping forces in a non-conservative flutter-type system has
been known for a long time [15]. The non-genericity of the undamped system [16]
constrains us to take the damping into account, however weak it is. Two main kinds of
damping happen in the system under consideration: structural damping, which acts on the
system even without flow; flow-induced damping, which results from the flow
nonstationarities.
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The dimensionless structural damping matrix can be written:

eC=e$c11

c21

c12

c22%,

where c11, c12, c21 and c22 are dimensionless coefficients depending on the damping modeling
and on the modal shapes (their numerical values are given in the Appendix), e is a
dimensionless number involving the damping value, the modal mass and the first natural
frequency. If one considers only this damping in the system, equation (15) can be written
as

dx

dt
=$ 0

−Kg

I

−eC%x. (18)

In this case, as long as the damping is small with respect to the critical damping, the value
of e has no influence on the values of g for which the instability occurs. This value can
be found by solving the equations [17]

V4
d=tr (Kg)V2

d+det (Kgd )=0, (19)

tr (C)V2
d=b2

2c11+c22+gd (a11c22+a22c11−a12c21−a21c12), (20)

where Vd is the imaginary part of the eigenvalue of equation (18) (becoming unstable,
Re (s1)=0) and gd is the critical control parameter with structural damping.

The solid line in Figure 3, for a clamped–free uniform beam, shows V2
d vs. g resulting

from equation (19), which is the same as equation (16) when si is purely imaginary, and
equation (20). In this case, the bifurcation takes place on the first mode (point D) for a
value of g lower than the undamped case (point A).

During its motion, the beam produces pressure changes in the fluid, not only
proportional to the displacement, as we have seen, but also proportional to the velocity
and to the acceleration: the flow-induced damping and the added mass. To introduce those
second order phenomena, we must take into account the non-stationarity of the flow. For
that, we use the complete set of fluid equations given in section 2.3. For simplicity, we

Figure 3. Graphical solutions of equations (19) and (20) for a continuous beam with structural damping (----)
and for a continuous beam with structural and flow-added damping (– – – –).
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assume that the a and b channels (upstream of the soft palate) are rigid open pipes of length
N−L (in the low frequency approximation). Therefore, equations (10) become

p̄a (t)=−7(N−L) dūa (t)/dt, p̄b (t)=−7(N−L) dūb (t)/dt. (21)

With these assumptions, equation (9) is written

p*(t)=−70N dūa (t)
dt

+
A*(t)
Ha 1=−70N dūb (t)

dt
−

A*(t)
Hb 1, (22)

where

A*(t)=U2w(L, t)+2U(1/1t)W(L, t)+(12/1t2)W(L, t).

In this case, the non-stationary flow ‘‘turns’’ around the soft palate, so the output
impedance Zp and the added length DX do not play any part in the problem. The pressure
difference between both sides is

DP(x, t)=
7

H 6U2(w−w*)+2Uv1
1

1t
(W−W*)+v2

1
1

1t2 (W−W*)

+
L−x

N $U2w*+2Uv1
1W*
1t

+v2
1
12W*
1t2 %7, (23)

where the asterisk indicates the value of the function when x=L. The first term in brackets
is the quasi-stationary stiffness term of equation (13) in section 2.4. The second term is
due to flow-induced damping and the third to added mass. The last term represents the
influence of the upstream rigid pipes on the pressure. It also involves added stiffness,
damping and mass. Unlike in water flow, the added mass has little influence in air flow
problems at low frequency. Therefore it is not taken into account here. The length L of
the soft palate is weaker than the length N−L of the upstream pipes, so their influence
vanishes in comparison with the local contribution. With all these simplifications, the
nonstationarity acts only on the damping matrix which becomes eC+gStD, where St is
the Strouhal number (v1L/U) and the components of D depend on the modal shape (their
numerical values are given in the Appendix). The Strouhal number can also be written as
St=z(7/m)(L2/eH)(1/zg ), where the first square root is typically of the order of unity.
Adding the flow-induced damping to equation (20) when e=0·1 and St=0·5/zg leads to
the broken line curve in Figure 3. Bifurcation takes place on the second mode (point I)
for a value of g close to the value without damping.

3. EXPERIMENTS

In order to test the results of the stability analysis, experiments were performed with
the system shown in Figure 4. In this apparatus, the vibrating part is either a flexible
rectangular beam (made of elastomer) or a beam formed by two rigid bodies linked by
a plastic film. The mechanical characteristics of the beams are given in Table 1. In both
cases a piezo-electric film is inserted in the beam near the fixation point to have an
indication of the beam motion. The beam is located between two adjustable walls which
allow variation of the channel heights Ha and Hb . Air is extracted from a large reservoir
(00·5 m3), which represents the lungs, by a vacuum pump. The apparatus is shaken to
ensure measurable motions of the beam even without flow. The input signal to the shaker
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Figure 4. The experimental apparatus. 1, Flexible beam; 2, piezo-electric film (SOLEF 40 mm, Solvay & Co);
3, adjustable walls; 4, accelerometer (B & K 4575); 5, shaker (B & K 4810); 6, to/from the FFT analyzer (HP
3562A); 7, reservoir; 8, flow meter; 9, vacuum pump (L 250 DD, PIAB).

is a broadband noise. The apparatus motion is considered as the excitation and the
piezo-electric film signal as the response. This makes possible the measurement of the
transfer function with and without flow. However, this notion of transfer function no
longer has the same meaning when part of the excitation comes from turbulent pressure
fluctuation in the flow. The transfer function without flow allows the calculation of the
Young’s modulus and of the structural damping in the elastomer beam and the calculation
of the articulation stiffness and of the structural damping in the bi-articulated beam.

When one increases the flow velocity very slowly, the frequency of the first resonance
increases while the damping (which is given by the bandwidth at −3 dB) also increases
(see Figure 5). In contrast, the frequency of the second resonance decreases and the transfer
function displays a sharper and sharper peak until the instability takes place. When both
channels are open, the instability occurs very abruptly: just before, the amplitude of the
motion is weak, and just after, the beam hits at least one of the walls.

One can notice, in Figure 5, that there is a shift in the air velocity between those of the
theory and the experimental results. This is the result of the clearance on the transverse
sides of the beam required for working without friction. To take it into account, one must
use a ratio of the effective width to the real width of 090% in the control parameter g.

In Figure 6 is shown the critical velocity as a function of the equivalent height
H=(H−1

a +H−1
b )−1 in the case of the bi-articulated beam with both channels open. Theory

and experiments are in good agreement except when Ha and Hb are very different. This
disagreement results from the neglected viscous losses, which imply a difference in the air
velocities between the two channels, as explained in section 2.2. In Figure 7, the same kind
of results are shown when one of the channels is closed. In this case, the instability is more
difficult to define because the growth of the amplitude of the motion is more gradual than
in the previous case. This can be explained by the flow separation along the beam, which
is not compensated by the pressure distribution on the other side of the beam where there
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T 1

Mechanical characteristics of the beams used in the experimental apparatus

Length, L Thickness e Width Density Young’s modulus Dimensionless
(mm) (mm) (mm) (kg m−3) (N m−2) damping

Bi-articulated
beam 26 (each) 4·2 43 1170 0·16

Elastomer 62, 56,
beam 44, 40 2·7 43 1246 1·8×106 0·1

Figure 5. The dimensionless frequency vs. the control parameter g for the bi-articulated beam when
Ha=Hb=10·2 mm. ----, Theory; W, experimental frequency; =——=, experimental bandwidth at −3 dB; q,
theoretical bifurcation point; w, experimental bifurcation point.

Figure 6. The equivalent height of the channels (Ha and Hb range from 2 to 20 mm) vs. the critical velocity
when both channels are open (bi-articulated beam). ----, Theory taking into account the effective width; Q,
experiments.
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Figure 7. As Figure 6, but with one channel closed.

Figure 8. A log–log plot of the length of the flexible beam vs. the critical velocity when both channels are open
(Ha=3·5 mm, Hb=5 mm). ----, Theory taking into account the effective width; Q, experiments.

is no flow. Therefore, we show two points: when the amplitude of the motion becomes
twice the amplitude without flow (square dots) and when the beam begins to bump the
wall (circle dots). One can see in Figure 8 that the critical velocity is inversely
proportional to the square of the length of the elastomer beam as predicted by the theory
(v1 inversely proportional to L2).

Thus the linear theory predicts the value of the velocity Ui at which the instability of
a beam between two walls occurs when one progressively increases the flow. However, the
bifurcation occurs for velocities lower than Ui for an impulsive start of the flow. In the
same way, when one progressively decreases the flow, the apparatus returns to stability
for a value of velocity Ur lower than Ui (see Figure 9). Between these two values, the system
has, for one velocity, two limit cycles: the equilibrium point and the motion hitting the
walls. The asymptotic behaviour of the system depends on initial conditions: small
perturbations lead to the equilibrium while large perturbations (for instance, the starting
vortex in an impulsive start of the flow) lead to the other limit cycle.

After the instability, the free end of the beam bumps into the walls. The frequency of
this motion is slightly greater than the frequency of the second mode just before bifurcation
(see Figure 9). At this stage, the level of the sound produced is low. When one still increases
the velocity (UqU2C ), the contact between the beam and the walls takes place not only
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Figure 9. The mean frequency of the motion of the bi-articulated beam vs. mean velocity (Ha=3 mm,
Hb=5 mm). w, Stable weak motion; E, unstable motion increasing velocity; e, unstable motion decreasing
velocity.

at the free end but also along the mid-part of the beam and the apparatus produces a loud
sound very similar to natural snoring (see Figure 10). The transition between those two
behaviours also has hysteresis. For the two-contacts motion, flow visualizations and hot
wire velocity measurements show that the flow becomes complex (dynamical flow
separation, vortex formation, etc.). Despite this, the fundamental frequency of the motion
increases almost linearly with the air velocity (see Figure 9).

Figure 10. Sound signals of the experimental apparatus (a), (b) and of a simulated snore (c), (d).



. ́  . 52

4. CONCLUSIONS

A quasi-stationary frictionless model of the oropharynx shows that the instability which
leads to snoring is of flutter type. It takes place in the most flexible part of the upper
airways tract: i.e., the soft palate. The Bernoulli effect is the most important fluid
phenomenon in the description of snoring because, during inspiration, the air flows in a
small channel between the posterior pharingeal wall or the tongue and the soft palate. The
pressure variations induced by the motion act on both sides of the soft palate (even when
the mouth is closed) with a zero pressure difference condition at its free end.

From a mechanical point of view, only a few degrees of freedom are needed in the model
because the length of the vibrating structure is of the same order as the transverse
vibrations wavelength. Two is the minimal number of degrees of freedom needed. Only
one degree cannot model the geometrical changes during one cycle necessary for the soft
palate to be able to take out energy from the main flow. More than two degrees leads to
more complex calculations for a very weak change in the quantitative results (02%).

When damping is added to the model (structural and flow added damping), the
bifurcation takes place on the second mode for parameter values close to those without
damping.

Therefore, the instability is mainly controlled by a single dimensionless parameter:
g=(7U2/H)(1/v2

1me). This parameter can be split into two parts: one is related to the soft
palate characteristics (1/v2

1me, where v1 is its first natural frequency, m is its density and
e is its thickness); the other is connected to the flow conditions (7U2/H, where 7 and U
are the density and the velocity of the air and H is an effective height of the upper airways
track around the soft palate).

From a physiological point of view, this allows one to distinguish two classes of snorers,
as follows.

In the first class, often called ‘‘pure snorers’’, the main cause of snoring is the
characteristics of the soft palate. The most effective treatment in this case is the surgical
one (uvulopalatopharyngoplasty). It results in the reduction of the length of the soft palate
which greatly increases the first natural frequency. An alternative method could consist
of increasing artificially the soft palate stiffness.

For the snorers of the second class, the soft palate can be normal and snoring comes
from the narrowness of the oropharynx. This is the reason why they can be called ‘‘apneic
snorers’’. The treatment is the same as that for apnea: a positive pressure is insufflated
through a nasal mask in order to eliminate upper airway occlusion.

In clinical practice, this separation is not so clear and in most patients both phenomena
are always more or less involved.

The linear analysis of snoring, presented in this paper, can predict only the onset of
snoring when the inspiratory flow increases. A strongly non-linear model is needed to
explain the complete motion of the soft palate. Such a model could also describe the large
and abrupt changes in the pressure resulting from the closing of the pharyngeal channel
and leading to the sound production. Experimental results show that a simple relation
between the fundamental frequency of snoring and the flow rate could be expected.
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APPENDIX

In the case of a continuous rectangular beam, the differential operator is:

Lx,t [w(x, t)]=(Ee3/12) 14w(x, t)/1x4+me 12w(x, t)/1t2,

where E, e and m are, respectively, the Young’s modulus, the thickness and the density
of the beam. With clamped–free boundary conditions, the first natural frequency is
v1=3·516eE1/2/L2m1/2 and the ratio of the second on the first natural frequency is b2=6·273.
The following numerical values of the matrix coefficients are independent of the physical
parameters. They depend only on the modal shape. The numerical values of the
dimensionless flow-added stiffness matrix coefficients are a11=0·566, a12=1·566, a21=0·868
and a22=−1·868. The numerical values of the structural damping matrix coefficients are
c11=1, c12=0, c21=0 and c22=6·273. The numerical values of the dimensionless flow-added
damping matrix coefficients are d11=0·30, d12=−0·06, d21=0·40 and d22=0·09.
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In the case of a bi-articulated beam (with the same length for the two parts), the matrix
can be directly calculated from the classical dynamic theorems. In our experimental beam
the ratio of the stiffness due to the articulations on the stiffness due to the weight is 0·4.
Then, the first natural frequency is v1=0·659(g/L/2)1/2 and the ratio of the second to the
first natural frequency is b2=3·619. The numerical values of the dimensionless flow-added
stiffness matrix coefficients are a11=0·637, a12=−1·837, a21=0·788 and a22=−1·948. The
numerical values of the structural damping matrix coefficients are c11=0·366, c12=−0·099,
c21=−0·099 and c22=16·159. The numerical values of the dimensionless flow-added
damping matrix coefficients are d11=1·646, d12=−0·3573, d21=1·811 and d22=0·321.


