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Abstract

This paper investigates the snoring mechanism of humans by applying the concept of structural intensity to a three-dimensional
(3D) finite element model of a human head, which includes: the upper part of the head, neck, soft palate, hard palate, tongue, nasal
cavity and the surrounding walls of the pharynx. Results show that for 20, 40 and 60 Hz pressure loads, tissue vibration is mainly in
the areas of the soft palate, the tongue and the nasal cavity. For predicting the snoring noise level, a 3D boundary element cavity
model of the upper airway in the nasal cavity is generated. The snoring noise level is predicted for a prescribed airflow loading, and
its range agrees with published measurements. These models may be further developed to study the various snoring mechanisms for

different groups of patients.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Snoring is defined as the sounds made by vibrations in
the soft palate and their adjacent tissues (such as the
posterior faucial pillars) during sleep. Researchers have
shown that it is the most important symptom connected
with the obstructive sleep apnea (OSA) syndrome, as
well as the cause of much disruption to bed partners and
to the snorer (Verin et al., 2002). Current research also
shows that snoring might indicate the first stage of the
OSA syndrome (Lugaresi et al., 1978). Heavy snoring
can result in sleep-related upper airway narrowing,
which leads to respiratory flow limitation and increased
respiratory effort. Strong inspiratory suction may,
secondarily, cause a total upper airway collapse. If
untreated, heavy snoring may be complicated by
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excessive daytime sleepiness. Hence, snoring has re-
ceived much clinical attention in recent years. These
studies are mainly devoted to the effects of snoring on
health and to the treatment effects (Aurégan and
Depollier, 1995; Ayappa and Rapoport, 2003). To our
knowledge, only limited research work has been carried
out to understand the mechanisms of snoring and to
control it.

Using signal-averaged anatomic data from male and
female subjects, Malhotra et al. (2002) developed
representative male and female finite element (FE)
airway models at the Harvard medical school. However,
their FE analysis is only for a two-dimensional (2D)
model of the upper airway. Beck et al. (1995) presented
the study of clarifying the acoustic properties of snores
by using an experimental setup in the time and
frequency domains. They found that snoring sounds
can be characterized by repetitive sequences of sound
structures, which contain large low-frequency wave-
forms interwoven with rapid oscillation. They identified
two dominant patterns, from their analysis of the
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snores, which are distinctly different from each other:
one is the “‘simple-waveform” and the other is the
“complex-waveform.” Although the acoustic properties
were presented, the mechanism of inducing snoring and
the method to control it were not presented. Wilson
et al. (1999) investigated the snoring sound intensity
levels generated by individuals during polysomno-
graphic testing and explored the associations between
snoring sound intensity and a variety of demographic
and clinical factors. They reported that a greater sound
intensity appeared to be the result of greater negative
pressures on resumption of breathing in apneic snorers,
resulting in high flow rates, turbulent flow and greater
forces on the vibrating structures. Aittokallio et al.
(2001) presented a mathematical model to predict the
nasal flow profile from three critical components that
control the upper airway patency during sleep. Some
mathematical models of the upper airway as a collap-
sible tube have been developed to study snoring.
Gavriely and Jensen (1993) studied a simple theoretical
model of the upper airways, consisting of a movable
wall in a channel segment that was connected to the
airway opening via a conduit with a resistance. The
upper airway narrowing, collapsibility, and resistance
were recognized as predisposing factors for snoring and
obstructive sleep apnea. Liistro et al. (1999) studied the
influence of gas density on simulated snoring production
and supraglottic resistance through a theoretical model
of the upper airway which was related to instability of
the upper airway. They demonstrated that the snoring
occurred at lower flow rates when gas density was
increased. Huang (1995) modeled the mechanics of the
soft palate during oronasal snoring by carrying out a
linear stability analysis on a 2D flow over an elastic
plate. Luo and Pedley (1996, 2000) studied the system
behavior of steady and unsteady flow in a collapsible
channel, which was useful in understanding the mechan-
isms of self-excited oscillations in such a system.
However, due to the highly simplified nature of these
models, to date our understanding of upper airway
narrowing, collapsibility, and resistance and their
interaction is still far from satisfactory and the mechan-
isms of snoring remain to be explored.

Although there have been some more detailed CFD
models on nasal turbulence, the larynx, and vocal folds,
there are either limited to 2D, or on particular part of
the problem e.g. flow features only, and are not directly
focused on snoring mechanisms in a whole human head
and neck. Zhang and Kleinstreuer (2003) studied low
Reynolds number turbulence flow in locally (rigid)
constricted ducts, Gemci et al. (2002) studied inhalation
in a three-dimensional (3D) simple rigid throat model,
and Zhang et al. (2005) studied the snoring mechanism
for a 2D flexible wall channel. However, all these models
inevitably employed simplified geometric models to
investigate certain physical mechanism. To the best of

our knowledge, none of the published work has used a
more detailed 3D geometry for a whole human head to
study the snoring mechanism.

This study aims to investigate the snoring mechanism
by developing a 3D FE model of the human head and
neck which includes the whole upper airway. The model
includes the upper part of the head, neck, soft palate,
hard palate, tongue, nasal cavity and the surrounding
walls of the pharynx. A novel application of the
structural intensity (SI) methodology (Liu et al., 2004,
2005) is adopted to identify snoring characteristics by
using the vibro-acoustic noise control concept. Here, SI
is the power flow or energy flow per unit cross-sectional
area in an elastic medium. It is analogous to the acoustic
intensity due to structural vibration in a fluid medium.
Since the SI field indicates the magnitude and direction
of the vibrational energy flow at any point of the
structure, it is useful to investigate the SI of the tissue
structure in the throat from a vibration and noise
control point of view. The SI distribution can offer
complete information of energy transmission paths and
positions of sources and sinks of the energy of vibration.
Therefore, by changing the energy flow effectively within
the upper airway and hence the amount of energy
injected into the tissue structure, one may control the
vibration of the soft tissues and the wall surface of the
upper airway and hence the noise level of snoring.

One of the purposes of this paper is to investigate the
snoring mechanism from a biomechanical point of view
through a FE dynamic analysis of the human head. The
snoring sources and sinks which may be used as snoring
control or snoring treatment locations, will be identified
by using the SI concept. The second objective of the
present paper is to predict the snoring noise intensity
level using the vibro-acoustic concept. Some simulation
results including vibration modes, SI field and energy
flow transmission which can indicate possible snoring
source and sinks, as well as the snoring noise level will
be given in the example. We hope this study can provide
some useful information for further snoring noise
control studies.

2. Finite element model of a human head

In order to investigate the snoring mechanism caused
by the vibration of soft tissue structures, the whole
human head is modeled by using solid and shell FEs as
shown in Figs. 1 and 2. The FE model of the upper part
of the human head is generated according to the ISB
library (http://www.isbweb.org), while the remaining
parts such as the soft palate, hard palate, tongue and
nasal cavity are created manually according to anato-
mical section figures of the human head found in the
literature (Crafts, 1985; Martini et al., 2000; Moore,
1992). In the FE model, the major structures of interest,
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Fig. 1. Finite element (FE) model of a human head. The red arrows
indicate the airflow paths in the cavity. Only half of the model is
shown.
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Fig. 2. Comparison of FE model with the anatomy drawing of human
head section. (a) FE model, and (b) schematic diagram of anatomy
section view of lower part of human head.

such as the soft palate, tongue and neck, are modeled
using solid elements in order to more accurately
represent the structured tissues. In the half FE model,

the number of element and node are 24349 and 24119,
respectively. It is demonstrated according to a sensitive
study for different FE models with different elements
number, that the present FE model is adequate to cover
the major dynamic response phenomena for interesting
parts such as the soft palate, tongue, nasal cavity, etc.
Fig. 2 illustrates the typical representative prototype of a
human head. Note that although every effort is made to
replicate the main 3D features here, some geometric
simplifications are necessary, e.g. the extrathoracic
airway is not modeled in detail, and certain parts are
simplified as solid or plate elements.

The material properties of the model assigned to
upper different parts of the head are assumed to be
isotropic, homogeneous and elastic (Willinger et al.,
1999). The main vibration parts of the model such as the
soft palate, hard palate, tongue, and cartilages are
modeled as solid elements. As the tongue tissues are
mainly composed of water, Poisson’s ratio of the tongue
is taken to be 0.49 in order to model the quasi-
incompressibility. The Young’s modulus of the tongue
is chosen from Payan et al.’s work (Payan et al., 1998).
For the soft palate, we assume that Young’s modulus
and Poisson’s ratio are 25kPa and 0.42, respectively
(Malhotra et al., 2002; Huang et al., 1995; Huang and
Williams, 1999). The material properties of the main
parts of the head and neck are shown in Table 1.

In the dynamic response analysis, the tongue and the
soft palate material are assumed to be viscoelastic
materials. The mechanical behavior of the soft palate is
considered to be nonlinear and viscoelastic (Wu et al.,
2004a, b). The stress is assumed to be decomposed into
an elastic stress, representing an instantaneous soft
tissue response, and a viscous stress, representing a
delayed tissue response. The constitutive relation can be
expressed as (Wu et al., 2004a, b; Tschoegl, 1989)

o(t) = oolt) + /0 §(D)00(t — 1) dr. (1)

where ¢ is time. The first term on the right-hand side of
the equation is the elastic stress component and the
second term represents viscous stress components. The
viscoelastic behavior of the soft palate is modeled using
a stress relaxation function based on the Prony series,
there is

G N
g() = %(? = |} - Z g1 — e_(t/ri)] , )

where G(f) and G, are the instantaneous and time-
dependent modulus, respectively, g;and 7; (i = 1,2,...,N)
are stress relaxation parameters and N is the number of
terms used in the stress relaxation function. The viscous
parametric values (g; t;) used in the present dynamic
response analysis are shown in Table 2 (Wu et al.,
2004a,b). The effects of the internal dissipative forces
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Table 1

Material properties of the human head and neck model used in the simulation

Material Young’s modulus E (MPa) Poisson’s ratio (v) Density p (kg/m®)
Skull Outer table 7300 0.22 3000
Diploe 3400 0.22 1744
Inner table 7300 0.22 3000
CSF 2.19 0.489 1040
Brain 2190 0.4996 1040
Willinger_Face 5000 0.23 2500
Scalp 16.7 0.42 1130
Kleiven_Trabecular 1000 0.24 1300
Kleiven_Cortical 15000 0.22 2000
Falx_and_Tentorium 31.5 0.45 1140
Visco_brain 122999 0.499 1040
Hard palate 2 0.22 1040
Soft palate 0.025 0.42 1040
bone 7300 0.22 3000
tongue 0.015 0.499 1040
Bio_disk 7.584 0.35 1140
Bio_cord 2190 0.499 1040
Table 2 As the Sl is a vector field in 3D space, it is similar to a
Viscoelastic parameters of soft palate used in the simulation velocity field in a fluid flow. Inspired by the streamline
i concept in fluid mechanics, we use the SI streamline
Number i 1 2 . . .
representation to interpret the SI transmission paths
gi 0.4621 0.4959 (Liu et al., 2005, 2006). Similar to the fluid mechanics
7 (8) 0.07294 9.610 definition, the SI streamline can be expressed as

of other parts are taken into account by assuming a 5%
structural damping.

The soft palate is a very flexible structure located at
the confluence of the nasal and buccal tracks where they
are connected with the pharynx. The soft palate vibrates
at a frequency of 20-80Hz (Issa and Sullivan, 1984;
Aurégan and Depollier, 1995), during snoring, and the
airflow paths are shown in Fig. 1. The response
frequencies are selected to be 20, 40 and 60 Hz, which
are close to the natural frequencies of the soft palate and
tongue structures.

3. Structural intensity (SI) and snoring noise

The instantaneous intensity component in the time
domain can be defined according to Noiseux (1970),
Pavic (1976), Liu et al. (2004, 2005, 2006) as

I1i(t) = —o(vi(¥), i,j=1,2,3. 3)

For a steady-state vibration, the active SI in the
frequency domain can be defined as

where G;;(w) is the complex amplitude of the Fourier
transform of the stress o;(¢) tensor and 5}*(60) is the
complex conjugate of the Fourier transform of the
velocity v;(f) tensor.

dr x I(r, 1) = 0, (5)

where r is energy flow particle position, I is the vector
form of SI. The SI of an energy flow element on such a
streamline is perpendicular to r and parallel to dr.
Therefore, the source and sink of the structural energy
can be determined.

The stresses and velocities of the human head under
an airflow pressure load are determined from structural
frequency dynamic analysis, from which the structure
intensity can be calculated according to Eq. (4). The
commercial software ABAQUS (2003) is used to obtain
the simulated harmonic vibration response.

In order to predict the snoring noise level that is
generated by the vibration of the tissues, mouth and
nose cavities, a boundary element (BE) model represent-
ing the vibration surface of the upper airway cavity is
generated from the FE model (as shown in Fig. 3). In
the BE model, the cavity surfaces which include the
whole upper airway are assumed to be in vibration
(Wilhelms-Tricarico, 1996), as the air flows into the
cavity, noise is generated. The noise level in the objective
plane, defined to be in front of the human face just near
the mouth and nose, which contains 36 field points, will
be predicted.

The starting point of the BE formulation is the
Helmholtz integral equation, which relates the surface
integral of the acoustic parameters over the surface of
the body of interest to the acoustic field outside the body
(Liu et al., 2004, 2006). The noise level which is
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Fig. 3. Boundary element (BE) model of cavity surface for snoring

noise simulation (only half of the model is shown), and the objective
plane.

generated by soft tissue vibration can be computed by
using the BE method. In the noise analysis, the cavity
surface vibrating displacements/velocities in human
upper airway are determined first from a vibration
frequency response analysis. Then, these vibration
displacements/velocities which form the BE boundary
conditions, are projected to the cavity surfaces (Fig. 3).
In the acoustic BE indirect method, the system
equations can be written as follow (Coyette 1999):

-

where the matrixes B, C and D are influence matrices
which are symmetric and frequency dependent, 1 is
vector of jump of velocity, and u is the vector of jump of
pressure. f and g are excitation vectors. The sound
pressure and intensity of arbitrary field point x can be
determined from the surface results. Consider a cavity
bounded by a surface S, the acoustic pressure at an
outside field point x can be obtained by using a
boundary jump in velocity and a jump of pressure and
the Helmholtz integral formula takes the form

0
9= [ |t 252 -
:

where p is the acoustic pressure potential satisfying the
Helmbholtz differential equation V?p + k’p = 0 for time
harmonic waves present in the acoustic medium  inside
the airway and nasal cavity. G is Green’s function
(fundamental solution of the Helmholtz equation for a
point source), G(x,y) = exp[—ikr(x,y)]/r(x,y) in which
r(x,y) describes the distance between any point y on S
and any field point x, k = w/c is the wave number, o is
the circular frequency and c is the velocity of air, n, is
the outward unit normal of S at y. According to this
principle, the snoring noise level at the prescribed

B CT
C D

MY)G(x,y) | dS(p), (7

objective points can be calculated. In this prediction,
the commercial software SYSNOISE (2004) is adopted
for noise prediction in the objective plan.

4. Results

In order to identify the characteristics of snoring from
the human head, the modal analysis is carried out first.
Normal mode analysis can provide the relative deforma-
tion of all parts under each natural frequency (i.e. the
modes). It was found from this analysis that the main
deformation in the mode shapes of the whole head for a
frequency range of 10-60 Hz are most concentrated on
the nasal cavity, soft palate and tongue areas. Fig. 4
shows the mode shapes at the natural frequencies 14.4,
22.4, 22.6, 44.5, 46.9 and 57.7Hz. It can be observed
from Fig. 4 that the main deformation in the mode
shapes, are shifted from the nasal cavity to the soft
palate and to the tongue, and from the tongue to the soft
palate and to the nasal cavity as the frequency changes,
indicating different sensitive regions for a different
excitation frequency. At the lowest frequency of
14.4 Hz, the deformations of the nasal cavity and the
soft palate have the same and the largest deformation
level. The end of the soft palate is the most sensitive part
at the frequency of 22.4 Hz. The largest response moves
to the tongue when the frequency increases to 22.6 Hz.
Both the soft palate, and the back of the nasal cavity
become more sensitive for a higher frequency of 44.5,
this is to be more or less the same for 46.9 Hz. Finally, at
an even higher frequency of 57.7 Hz, the hard palate,
soft palate, and the whole nasal cavity start to be
important, and the mode becomes more spread out. It is
interesting to note that the tongue is only sensitive at
22.6 Hz, while the soft palate is sensitive throughout the
whole frequency range (except at 22.6 Hz when the
tongue becomes dominate), indicating its importance in
the snoring mechanism. In general, these observations
agree with the clinical observation that human snoring
normally takes place at a pressure of 20-80 Hz (Issa and
Sullivan, 1984; Aurégan and Depollier, 1995).

A frequency response analysis is then performed for
the frequency range of 20-60Hz. In the dynamic
frequency response analysis, the airflow pressure load
is assumed to be sinusoidal shape with amplitude of
1500 Pa (Aurégan and Depollier, 1995; Malhotra et al.,
2002; Huang et al., 1995; Huang and Williams, 1999,
Woodson et al., 1997; Amis et al., 1999). This represents
the average pressure load under a normal breathing
pattern which is usually estimated to be between 1127.8
and 1667.0 Pa (Malhotra et al., 2002). The pressure is
applied to free surface in the cavities. Fig. 5 depicts the
deformation contours for 20, 40, 60 Hz, respectively. It
is seen from the figures that for 20 Hz pressure load the
vibrations of soft tissues of the upper airway are mainly
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Fig. 4. Mode shapes of the human head model at different natural frequencies (the contour color index is scaled between 0 and 1). (a) 14.4 Hz,

(b) 22.4Hz, (c) 22.6 Hz, (d) 44.5Hz, () 46.9 Hz, and (f) 57.7Hz.

in the areas of the soft palate and tongue. While for the
40 Hz response, the deformation is concentrated on the
soft palate areas. For the 60 Hz response, the deforma-
tions are found to extend to soft palate, tongue and

nasal cavity areas. This is consistent with the results of
the modal analysis. To identify the snoring sources and
sinks, the SI distributions at 20, 40 and 60 Hz are shown
in vector form in Fig. 6. The energy flow of the human
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Fig. 5. Displacement contours of the human head model from frequency dynamic responses at pressure load cases (the contour color index is scaled
between 0 and 1): (a) 20 Hz, (b) 40 Hz, and (c) 60 Hz.
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Fig. 6. Structural intensity (SI) vector distributions of the human head model from frequency dynamic responses at pressure load cases. The
coordinates of the finite element nodal positions are shown in red, and SI vectors are shown in blue. The sources and sinks of the SI field are indicated
by the arrows: (a) 20 Hz (scale factor 0.0035), (b) 40 Hz (scale factor 0.005), (c) 60 Hz (scale factor 0.0015).
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head under an airflow pressure loading can be clearly
identified from this figure. In order to clearly depict the
SI vector, different scale factors are used for different
frequencies. It can be demonstrated from Fig. 5 that the
60Hz flow pressure is more sensitive to snoring
vibration compared with the 20 and 40 Hz response.
The sources and sinks of the SI distribution are
indicated by the arrows in Fig. 6. It is shown that the
sources are located at the soft palate end and tongue tip,
while the sink is around the top of the hard palate
towards the cavity. These highlight the key locations for
further possible passive and/or active snoring control. In
other words, the method, when applied to a detailed
patient-specific head model, may provide important
information for doctors to identify implement positions
for the snoring treatments.

To obtain a quantitative estimation, the snoring noise
level is calculated from surface vibration of the soft
tissue of the upper airway. Snoring noise contours are
shown in Fig. 7 for 20, 40 and 60 Hz frequencies. It can
be seen that the noise level near the mouth and nose is
much higher and the noise pressure is concentrated in
the area in front of the mouth front. The average noise
levels near the mouth and nose on the objective plane

Pressure
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B.000E+01]

S.S00E+01

S.000E+01

G‘SCOE-UII
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calculated from the noise pressure contours are approxi-
mately 71, 66 and 78 dBA for 20, 40 and 60 Hz response,
respectively. The predicted noise level of snoring is in
agreement with the measured results by Perez-Padilla et
al. (1993) and Wilson et al. (1999). Wilson et al. (1999)
showed that the snoring sound intensity is in the range
of 50-70 dBA for 48% of the snoring patients in their
study.

5. Discussion

A 3D FE human head model has been described for
studying snoring noise. The model incorporates a
number of new features compared with snoring models
that have appeared in reported studies. Firstly, the
present model incorporates not only the upper airway,
but the whole head with realistic material properties for
the head structure. Secondly, a novel SI approach is
used to identify the energy source and sink. The model
analysis is carried out first, and the noise level is
evaluated from surface vibrations using the BE method.
Thus detailed deformation and vibration of all parts
within the head can be investigated. It is demonstrated,
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Fig. 7. Noise contours on the objective plane from human snoring at different frequencies.
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by building this model what the most sensitive (vibrating
parts) of the soft tissues in the head are under certain
excitation frequencies. The sources and sinks of the SI
are found to be closely related to these parts. These
characteristics are extremely helpful to clinicians to
identify and/or control the patient snoring. It is noted
that our model is still simplified, and is only representa-
tive for a healthy human’s anatomy, however, the
methodology can be applied for a patient specific model
to account for any effects of abnormal structure on
snoring levels.

The limitations of the current work are discussed in
the following:

The pressure waveform applied to the structure is
assumed to be a uniform distributed pressure dynamic
load with a sinusoidal waveform as detailed fluid—
structure interactions (FSIs) are not modeled. This will
differ somewhat to a detailed FSI which is again
structure (detailed geometry) dependent and highly
complicated, but is essential for this study since we are
investigating the structure response to various frequen-
cies, and not a patient specific dynamic response at this
stage. However, once we have this information, detailed
FSI information is only going to change the proportion
of the pressure amplitude at each of the frequencies, and
will not change the structure’s sensitivities on certain
dominant frequencies, which is what we have identified
here.

The 3D geometry itself is still greatly simplified
compared to a patient specific model. For example,
extrathoracic airways are not modeled, and geometries
of the hard palate, soft palate, and tongue are simplified.
Also, the coupling interactions of airflow and soft
tissues are not considered at this stage due to complexity
reasons. As a result, the upper airway cannot collapse
due to snoring, which is also considered to be one of the
important mechanisms (Aittokallio et al., 2001). The
coupling effect on snoring noise prediction would be
meaningful for further study of snoring noise prediction.
Also, the airflow pressure and frequency are all patient
dependent and will need to be determined individually
for a patient specific model.

In future work, other details such as extrathoracic
airways and FSI will be considered, to improve the
model. However, we have demonstrated that, with a
simplified, representative prototype, the SI concept can
be used to provide a useful tool for further study, and
the model can be extended/developed with applications
to passive/active snoring control and patient-specific
medical treatments.

6. Concluding remarks

A 3D FE model of the human head and neck, which
represents more realistic human upper airways com-

pared to previous studies, is developed. It has been
demonstrated that the SI approach is a useful method to
identify the vibro-acoustic snoring noise source and the
most sensitive tissue parts for a given pressure load.
Furthermore, the upper airway BE cavity model for the
snoring intensity study is developed. The snoring noise
level based on the surface vibration is also predicted
using the BE method for a given air flow pressure. The
predicted noise level is in agreement with some
measured data that are published previously. This
model may be extended to explore various snoring
mechanisms, as well as to provide a design tool in the
active/passive snoring noise control, and patient-specific
medical treatments.
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