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Abstract

The Sleep Apnea Syndrome is known to be related with a partial (hypopnea) or to-
tal (apnea) collapse of the upper airway. The patency of the upper airway is dictated by
a combination of passive mechanical properties and active neural mechanisms. From
a physical point of view, neglecting active neural control mechanisms, the airway col-
lapse can be explained by the interaction of the airflow during respiration (fluid) with
the surrounding tissues (structure). The characteristic recurrent collapse causes about
3 % of the adult population to suffer from Obstructive Sleep Apnea (OSA). A system-
atic review of published studies on OSA insists on the necessity of a better understand-
ing of the factors determining the airway obstruction in order to improve modelling,
simulation and eventually prediction of the fluid-structure interaction at the origin of
OSA. Prediction of OSA is in particular important to foresee the outcome of surgical
procedures and to estimate its long-term effectiveness. In order to be of practical use
a surgical prediction tool demands reliable and accurate simulation results available
within a reasonable time delay and exploiting relevant and ‘in-vivo’ accessible physi-
ological data. In order to contribute to the understanding of OSA a physical approach
is presented consisting mainly of three stages. At first, relevant physical quantities
are formulated based on physiological ‘in-vivo’ observations in order to define the
problem. Secondly, a simplified theoretical model is proposed based on assumptions
derived of the order of magnitudes derived during the first stage. Thirdly, an experi-
mental validation of the assumptions and of the accuracy of the theoretical model is
performed in a suitable experimental setup allowing to control model input parameters
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and to measure model output parameters.

1. Obstructive Sleep Apnea: a Nowadays Health Issue

Sleep apnea has been divided classically into two forms: Obstructive Sleep Apnea (OSA),
in which partial (hypopnea) or total (apnea) collapse of the upper airway results in
decreased airflow despite continued respiratory effort, and central sleep apnea, in which
decreased airflow results from reduced respiratory effort.
The Obstructive Sleep Apnea Syndrome is defined as repeated episodes of obstructive
hypopnea and apnea during sleep and is manifested by the intermittent decrease or
cessation of breathing [106, 40]. OSA has been extensively shown to be an important
health care issue affecting all stages of life with a reported prevalence of 2 % in childhood,
2 to 4 % in middle-aged adults and more than 10 % of the population over the age of 65
[5, 30, 117, 81]. Therefore although originally seen as a minor health issue anecdotically
treated as the Pickwick syndrome to a character in Dickens ‘Papers of the Pickwick Club’
resembling at the classic obese, sleepy OSA patient [15] during the last 20 years OSA has
earned the doubtful reputation of the most common disorder of breathing during sleep.
Except preventing the pleasure of a good night of sleep, patients chronically suffer the
consequences of repeated sleep disruption as well as recurrent hypoxaemia and hyper-
capnia [36, 81]. Therefore OSA is a chronic disorder causing excessive daily sleepiness
and increasing the development of cardiovascular diseases and arterial hypertension
[87, 80, 116]. Consequently, OSA has adverse and processing consequences on the
patient’s daily life, is associated with an increased risk of public traffic accidents to seven
times that of the general driving population and increases the risk of morbidity and mor-
tality due to cardiovascular and cebrovascular causes [31, 34, 52, 108, 72, 80, 106, 115, 81].

2. Pathogenesis of OSA

The upper airway is a potentially collapsible structure. The pathogenesis of OSA is char-
acterised by recurrent collapse in the upper airway. The narrowing or closure may occur at
one or more sites in the upper airway between the tip of the soft palate to the glottal inlet,
i.e. in the velopharynx, oropharynx and hypopharynx [79, 19, 27, 91, 8, 112, 98, 1, 36, 5].
The patency of the upper airway is dictated by a combination of passive mechanical prop-
erties and active neural mechanisms. Therefore specific sites of narrowing or closure
are influenced by among others the underlying neuromuscular tone, upper airway mus-
cle synchrony, stage of sleep, soft-tissue, skeletal and craniofacial factors determining
the upper-airway size, length and recurrent vibratory trauma (snoring) of the soft palate
[26, 106, 62, 56, 54, 72, 8, 36, 107, 81]. Moreover, dynamic observations strongly sug-
gest that regardless of the origin of the collapse, eventually the entire pharyngeal segment
of the upper airway may be involved [93, 91, 1, 5]. Expiratory narrowing is reported to
produce a significant reduction of retropalatal airway cross-sectional area at end-expiration



A Physical Approach to Obstructive Sleep Apnea 43

prior to obstructive apnea [79]. The size of the upper airway is the smallest during sleep, at
the end of expiration. Upper-airway resistance increased earlier during expiration prior to
changes occurring during inspiration [107]. This finding suggested an important role of the
expiratory phase in promoting upper-airway collapse and is related to the inspiratory insta-
bility occurring when lowering the expiratory pressure in patients with OSA. So, the upper
airway collapse is found to initiate in the oropharynx, processing to the hypopharynx and
involves both inspiration as expiration since increased collapse on expiration predisposes a
mechanism for increased obstruction on subsequent inspiratory breaths [79, 111, 107].

3. Diagnosis, Treatment, Understanding: an Open Story

‘Of all sciences Physiology is most exposed to causes of inaccuracy. The subjects of ex-
periment are here the most complicated, and the phenomea at once the most varied, and
bearing the least resemblance to those we are accustomed to contemplate [89].’

OSA is not different and questions arising from medical literature concerning diagnosis,
treatment and understanding are multiple stressing the need for further understanding and a
physical theoretical and experimental modelling of OSA.

3.1. Diagnosis and Follow-Up of OSA . . .

Monitoring tools has been developed to assess likelihood of OSA for use either inside
(in-laboratory polysomnography) or outside the hospital (at home). These include simple
questionnaires about symptoms as well as the recording of multiple variables during sleep
incorporating among others airflow, electroencephalogram (EEG), electro-oculogram, snor-
ing (microphone), the movements of the rib cage and of the abdomen and oxygen saturation
[25, 90, 88, 106, 86, 73, 105, 29, 107, 42, 92, 81]. In particular for ambulatory studies the
reported results of specialized devices might be associated with multiple causes and cur-
rently evidence to support use of these newer technologies for diagnosis in routine clinical
practice is lacking. This is not because of inadequacy of the technology per se but rather the
quality of studies to assess the effectiveness of these alternative strategies. In general it can
be said that there is a rapidly growing demand for diagnosis and treatment of OSA since
knowledge taken for granted is reput into question. Recent data indicate that the relation
between sleep apnea and diurnal hypertension is independent of obesity, age and sex and so
the original simplified view of astute physicians of the Pickwickian syndrome needs revi-
sion. In particular the found interaction between central and obstructive sleep apnea might
require new insights both for diagnosis as for treatment as will be pointed out in the next
section [106, 39, 81]. Since as the understanding of the pathophysiology of sleep apnea has
increased, however, the dichotomy between central and obstructive sleep apnea has become
less clear.
So, diagnosis and follow-up of OSA . . . benefits from increased understanding, in particular
explaining the cause symptom relationship.
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3.2. Treatment of OSA . . .

The obstructive sleep apnea syndrome (OSAS) is mainly treated using empirical therapeu-
tic procedures. Therapeutic strategies for patients with sleep apnea may be grouped into
three general categories: behavioral, medical and surgical [106]. Firstly, behaviour therapy
aims to inform patients on risk factors increasing the severity of upper-airway obstruc-
tion such as the use of alcohol, sedatives, sleep position and increased weight. Secondly,
medical therapies consists mainly in continuous positive airway pressure and pharyngeal
appliances. Long-term use of medical therapeutic treatment strategies, such as continuous
positive airway pressure or pharyngeal appliances, causes daily discomfort and reduces the
quality of life [33]. Furthermore as noted in the previous section the use of medication
is although currently disappointing a promising perspective for the future exploiting the
interaction of central and obstructive sleep apnea [39, 97]. Thirdly, surgical procedures
are available for patients with severe apnea who cannot tolerate positive pressure. The
long-term effectiveness of surgical treatment is estimated to range between 50 and 78 %,
depending on the surgical procedure applied and consequently does not guarantee uniform
success [23, 101, 106, 81, 103, 73, 33, 13, 66]. Therefore current research aims to im-
prove the diagnosis, follow-up and treatment of OSA. In particular, the need for further
understanding of the OSA syndrome to favour successful development of therapeutic and
surgical treatments is stressed [33, 52, 67, 78, 86, 91, 8, 83]. Even as the understanding of
the interaction between anatomic and neuromuscular factors in the pathogenesis of sleep
apnea increases, it is likely that modifications of neuromuscular factors will play a useful
therapeutic role [30, 39, 81]. In the meantime, treatments that primarily modify airway
anatomy during sleep (e.g. CPAP, surgery and oral appliances) will probably remain the
most important tools in the treatment of sleep apnea although not generally tolerated and
not uniform successful [39, 81].
So, treatment of OSA . . . benefits from increased understanding enabling among others
surgical prediction.

3.3. Underlying Mechanism of OSA . . .

During wakefulness, the patency of the upper airway is under both volitional and nonvo-
litional control. However, during sleep, pharyngeal patency is almost exclusively under
nonvolitional control. Even though it is clear that the airway collapses in patients with
sleep apnea, the precise mechanism is unknown. Because of the complicated arrangement
of the muscles as well as the varying sleep states, it has not been possible to precisely define
whether the collapse is due primary to altered neural or mechanical control, or a combina-
tion of both factors. Moreover, the ability to dissect out the relative contribution of neuro-
muscular activity and the contraction and/or relaxation of various muscles has been ham-
pered by the inability to develop a biomechanical model that could determine the relative
influences of the various factors causing collapse [80]. Models providing physical insight
in OSA occurrences should allow to reconsider quotations like, e.g. anatomic narrowing
of the upper airway due to obesity or craniofacial morphology is a consistent feature for
OSA [39] or OSA in which collapse of the upper airway results in decreased airflow despite
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continued respiratory effort or as the severity of obstructive sleep apnea increases, airway
collapse occurs with less extreme negative pressure, reflecting greater anatomic compro-
mise of the upper airway or a decrease in the pharyngeal transmural pressure alone is a
sufficient condition for the production of the sleep apnea syndrome in normal individuals
[56] or who with sleep apnea will benefit from therapy [81], in terms of a physical model
outcome and parameters. At longterm expressions commonly retrieved in medical literature
as critical narrowing [20], critical closing pressures, the upper airways behave as predicted
by the Starling resistor model [56, 8, 68, 62], balance of forces model [81], extraluminal
tissue pressure: what does it mean ? [100], Why does one snores ? What are the conditions
required for snoring ? [6] should be objectively (re)-evaluated and eventually quantified.
Moreover a purely mechanical explanation might contribute to the understanding of the in-
teraction between anatomic and neuromuscular factors by means of elimination of the latter
in the physical model.
So, the underlying mechanism of OSA . . . needs to be cleared out in terms of principal
phenomena involved.

4. A Challenge: Physical OSA Pathogenesis

A growing number of reports in literature demonstrate an ongoing commitment among sci-
entists and physicians to improve our understanding of sleep-disordered breathing [66]. The
present study is a contribution to the development of physical theoretical and experimental
models for OSA towards the definition of physical OSA pathogenesis.
From a physical point of view, neglecting neural mechanisms, the airway collapse is due to
the fluid-mechanical interaction of the fluid (airflow during respiration) and the surrounding
structure (tissues). Studies of the biomechanical pharyngeal airflow and resulting pressure
distribution or forces in cases of OSA are very limited. Because of a wide clinical interest,
most of the literature in the field concentrates on the relationship between inspiratory and
expiratory pressure and the volume flow velocity. In the following existing models are re-
viewed evolving from classical models to current model approaches. Different modelling
issues are discussed in particular with respect to the ongoing flow phenomena. Finally a
methodology to model the fluid-structure interactions is proposed in particular aiming to
predict the long-term effectiveness of surgical interventions.

5. Physical Models with Respect to OSA

Breathing is clearly related to the study of time varying physical quantities as volume flow
velocity, pressure difference, pressure distribution in an airflow channel consisting of the
upper airways. In a clinical context the variables of interest are assessed in numerous stud-
ies and generally presented as a pressure-flow relationship representing the volume flow
produced in response to a respiratory effort.
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5.1. Mathematical Fitting of the Pressure-Flow Relationship

Usually, the pressure-flow relationship [14, 104, 53, 107] in the upper airway is mathemat-
ically fitted by a quadratic or polynomial function so as objectively to detect inspiratory
flow limitation and related phenomena [44, 74]. The resulting pressure-flow relationship
obtained by curve fitting of the applied mathematical polynomial or quadratic formulation
may provide useful empirical information, but does not describe the complexity of the on-
going physical flow behaviour and does not inform on the pharyngeal pressure distribution
even if the obtained coefficients can be associated with the relative importance of different
terms in a simplified volume flow description [74]. The interaction between the fluid and
the surrounding upper airway tissue is expressed by the force exerted by the fluid on the sur-
rounding tissue. This force is determined by the pressure distribution. Therefore, not only
does the volume flow velocity need to be accurately predicted from the upstream pressure,
as was the aim in [44] and [74], but also the pressure distribution along the upper airway.
With respect to an accurate description of the pressure distribution, it is generally accepted
that an accurate prediction of flow separation is crucial [76, 84].
The next in this line of enquiry present themselves as a clear-cut challenge: to develop the-
oretically the characteristic pressure-flow relationships from basic physical principles [14]
as well as to predict the pressure distribution.

5.2. Classical Models

Currently in medical literature there are mainly two models that for OSA have been put
forth, i.e. the balance of forces model and the Starling resistor model, respectively [80, 36].

5.2.1. Balance of Forces Model

Since the original physiological description of airway collapse, it has been proposed that
the upper airway patency is determined by the balance between the negative intraluminal
airway pressure (airway suction) and the dilator muscle tone. This is called the balance of
forces model in which negative intraluminal pressure is promoting collapse of the airway
with activation of airway dilator muscles promoting patency, the net effect during wake-
fulness is for patency [81]. Remmers and others [93] noted a demonstrable fall in phasic
genioglossus activation at the onset of the apneas and suggested that an inappropriately
low level of activity did not counterbalance the collapsing force exerted by the respiratory
pump muscles. Various inputs including the peripheral and central chemoreceptors as well
as other factors that increase neural input to either the diaphragm (inspiratory drive) or up-
per airway muscles (upper airway drive) will be important in determining upper airway
patency. However the model allows not to quantify the forces generated by the specific
dilator muscles relative to the negative intraluminal pressure.
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5.2.2. Starling Resistor Analogy

The Starling resistor is a classical experiment used to study biofluid mechanical applications
involving collapsible structures, such as flow limitation in the airway branches and blood
flow [22, 55, 60, 14, 71, 104, 57, 21, 8, 68, 41, 80]. It thanks its popularity to qualitative
agreement with experimental tests although quantitative agreement is not always provided.
This model views the structures of interest as collapsible tubes. Their behavior is charac-
terized by a flow pattern which initially increases as driving pressure increases; however,
above a critical driving pressure, there is a progressive plateauing of flow at some maxi-
mal level despite continued increase in driving pressure (flow limitation). One can study
this behavior mathematically, or demonstrate it with a physical model consisting of a thin
walled elastic (collapsible) tube enclosed in a chamber. The pressure in the chamber (Pcrit)
can be varied to be less than or greater than the pressure inside the tube. The analysis of
such a system predicts that maximal flow through the tube segment is determined by two
separate factors: the resistance of the upstream segment (e.g. at nose) and the transmu-
ral pressure surrounding the collapsible segment. This corresponds to a ‘tissue pressure’
in the collapsible parts of the upper airway. When Pcrit is greater than 0, there is airway
collapse at rest and obstruction of the tube occurs. When Pcrit is strongly negative, the
airway will remain patent even under large inspiratory efforts. There is strong evidence
that the hypotonic pharyngeal airway behaves like a Starling resistor. In normal subjects
a negative Pcrit has been measured, whereas in snorers Pcrit approaches 0 and in obstruc-
tive apnea patients, Pcrit may be positive [8]. However, it must be emphasized that this
description of the airway refers to the passive airway, i.e. without added muscle activity
that cannot easily be measured during normal breathing. To further model the airway in
the intact human beyond its passive properties, one must add the effects of upstream resis-
tance (anatomy) and changes in collapsibility mediated by changes in baseline and phasic
muscle tone. At submaximal flows, increasing upper airway muscle tone has been shown
to result in decreasing resistance. However, at maximal flow, increasing upper airway tone
(activation) changes the value of Pcrit for a Starling resistor. This causes an increase in
the maximum flow through the Starling resistor by decreasing airway collapsibility of the
flow-limiting segment [54] and can occur even without a change in the resistance (i.e. both
flow and pressure can increase). Thus the Starling model helps to characterize the changes
in flow that occur with changes in muscle tone. Total collapse and cessation of flow never
was observed in the Starling resistor model by e.g. [22, 55, 60, 57] and self-sustained os-
cillations or flutter are prominent [10]. The pressure drop over the length of the tube is
described as a function of the flow and the quantity external pressure minus downstream
or upstream pressure. However, collapsible tube models are far from realistic simulations
of the collapse in the upper airway. The human pharynx is far from an axisymmetric tube
not only in his geometrical structure (rigid hard palate against soft tissues), but also in the
mechanical properties of the surrounding tissues [49]. Owing to the pharyngeal asymmetry
in both geometry and tissue properties, the relevance of such devices for the study of OSA
is not obvious and considering an alternative model is motivated.
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5.3. Lumped Segments Models

Several simplified mathematical models of the collapsible upper airway are presented in
literature exploiting one, two or multiple lumped collapsible segments [7, 38, 35, 48, 2, 111,
49, 50]. The approach is of interest since it allows at least qualitatively to describe a rich
mechanical behaviour including collapse and flutter. Critical conditions for occlusion can
be defined starting from rude approximations of anatomical and physiological properties.
Furthermore simplified lumped models allows to evaluate the relative importance of several
physical phenomena like viscosity in the flow model [35, 94, 109]. Multiple elements might
represent different collapsible sites or differences in physiological properties. Moreover due
to the simplifications physiological properties can be related to a limited amount of model
parameters. This feature can be exploited to link the proposed mechanical model to more
general control models for muscle activation or respiratory modelling as e.g. presented for
the genioglottal activation during sleep [46, 62, 49, 50] or a one-dimensional flow model
accounting for the chemoreceptor feedback for carbon dioxide concentration in the brain
stem [3]. However the unrealistic assumptions and physiological simplifications do not
allow to yield the quantitative precision necessary in e.g. tools aiming to predict surgical
outcome. Besides, the determination of the required model parameters on ‘in-vivo’ subjects
is far from solved and is a major drawback for clinical applications of lumped segments
models.

5.4. Flexible Beam Models

Snoring receives a great deal of attention from a medical point of view among others be-
cause of its possible relationship with OSA [72]. Except the mentioned lumped models
described in [38, 2] a biomechanical model of the soft palate is obtained by modelling the
flexible structure as a continuous beam [6, 47, 70, 9]. Although the presented model out-
come is very interesting for understanding the onset of instability the models are limited.
Firstly because of the obvious geometrical limitation to the soft palate and secondly due to
the fact that snoring although often related is not necessarily a consequence of OSA and
even if related snoring is more a consequence as a cause.

5.5. Numerical Modelling

A three-dimensional computational simulation of airflow characteristics, including both
volume flow velocity and pressure distribution, in an anatomically accurate rigid human
pharynx geometry is assessed in [102]. The airflow was assumed to be incompressible and
steady. The pressure drop in the pharynx was quantified to lie in the range of 200-500 Pa,
provoking the pharynx to collapse. The switch from laminar to turbulence was found to in-
crease the pressure drop by 40 %. Subtle effects on the airway morphology, as introduced by
surgical treatment of OSA, where shown to have a great effect on the pressure drop. More
recently [4, 113, 114, 69] image-based CFD is applied to study the effect of airway geome-
try on upper airway pressure and flow resistance in children with sleep apnea. In [113, 114]
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an experimental study using a scaled rigid model validated the CFD predictions. Due to the
large computation time exceeding 10 hours [113, 114] propose to exploit CFD models as a
benchmark firstly for building simplified models of pressure drop in the pharynx in order
to analyze larger number of subjects and secondly for incorporation into dynamic system
models. In this framework [4] propose to apply extremely simplifying scaling factors to
the proposed CFD model in order to extrapolate between subjects characteristics including
adults. Without arguing the quality and the interest of the mentioned studies, it should be
noticed that the approximations of rigid structures and steady flow conditions are severe
simplifications due to the complex and dynamic nature of OSA involving deformable struc-
tures and unsteady flow. Three-dimensional numerical modelling of a collapsible segment
is presented in e.g. [75] for the Starling resistor analogy and therefore not considered here.

6. Motivation for Further Physical OSA Modelling

The previous section illustrates both the relevance and limitations of physical theoretical
and experimental models for OSA found in literature. In particular with respect to clinical
application and surgical planning the necessity of further research is put forward. The rea-
sons are multiple depending on the applied model approach. Firstly, simplifying theoretical
models predispose understanding of the basic mechanisms, but lack precision in e.g. the
anatomical description necessary for clinical applications. Moreover matching simplified
models to the complexity of individual subject characteristics can hardly be accomplished.
Secondly, accurate numerical models require a lot of computational capacity and demand
a calculation time which is to long to fit into a clinical practice. Besides computational
loads the presented numerical models exploit in general rigid static geometries incapable
of representing the dynamical features of OSA and hence the full complexity of the fluid-
structure interaction. Thirdly the classical Starling experimental model of a collapsible tube
does not represent the reality of OSA and hence alternative experimental models for the-
oretical model validation should be assessed. Finally and most importantly much of the
phenomena occurring during a single collapse event are still subject to current research for
both the experimental and the theoretical modelling, respectively. Current issues with re-
spect to the collapsible tube are e.g. presented in [11, 82]. Recent research with respect to
e.g. impact, movement, antisymmetry in fluid-structure interaction modelling is described
in among others [37, 51, 59, 61, 64, 65].
It seems that considering 1) the current state of the art in physical modelling both from a
theoretical as an experimental point of view, 2) the state of the art in physiological under-
standing of the OSA syndrome as well as 3) considering the need in clinical practice for e.g.
a surgical prediction tool a compromise between complexity and accuracy is opportune.
In the following theoretical models simplifying the ongoing physiological and physical
complex reality are proposed as well as an experimental approach in order to validate the
underlying assumptions and to study specific modelling issues in a controlled, measurable
and reproducible way. The presented research aims to contribute to the understanding of
flow-induced pharyngeal airway obstruction at the origin of OSA.
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Table 1. Characteristic conditions during obstructive sleep apnea. (*) Estimated from
typical volume flow velocity of 30 l.min−1.

L0 tongue length 5 cm
W0 pharyngeal width 3 cm
h0 minimum aperture 2 mm
c0 speed of sound 350 m.s−1

ρ0 mean density 1.2 kg.m−3

µ0 dynamic viscosity 1.5 10−5 m2.s−1

t0 period of breathing (inspiratory) 4 s
U0 flow velocity(*) 8 m.s−1

7. Towards an Accurate Simplified Physical Flow Model

The presented physical approach consists mainly of three stages. Firstly, the formulation
of relevant physical quantities based on ‘in-vivo’ physiological data in order to define the
problem. This crucial stage at the basis of the theoretical model formulation, stresses the
importance of an interdisciplinary approach. Secondly, a simplified model is proposed
based on assumptions derived of the obtained quantities during the first stage. Thirdly,
an experimental validation of the proposed theoretical model is performed in a suitable
experimental setup allowing to control model input parameters and to measure the model
outcome.

7.1. Assumptions and Dimensional Numbers

From a fluid mechanical point of view several flow assumptions can be formulated on
the basis of a dimensional analysis of the governing flow equations. This yields a set of
non-dimensional numbers, which can be interpreted as a measure of the importance of
various flow effects. Based on the obtained orders of magnitude for the characteristic non-
dimensional numbers approximations are made to describe the flow. Concerning obstructive
sleep apnea four non-dimensional numbers are derived based on characteristic conditions
listed in Table 1.

Physiological data are obtained from ‘in-vivo’ observations [63, 77, 80, 99].
Firstly, the squared value of the Mach number, Ma = U0

c0
, the ratio of flow velocity U0

to the speed of sound c0 indicates the tendency of the flow to compress as its encounters
a solid boundary. Since the velocities involved during respiration are small compared with
the speed of sound in air (Ma2

0
≈ O(10−4)) the flow is assumed to be incompressible.

Secondly, the Strouhal number Sr = L0

t0U0
, is a dimensionless frequency indicating the ratio

of the distance over which flow is convected in a characteristic time t0 over a characteristic
width L0 of a structure exposed to the flow. The airflow can be considered as primarily
steady as long as the flow patterns at any given time are approximately the same, which
is reasonable during quiet breathing at the characteristic respiratory frequencies and rigid
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walls expressed by a low Strouhal number Sr0 ≈ O(10−3).
The assumptions of incompressible and steady flow will not be discussed in the present
chapter. The assumptions are indeed widely accepted in literature [41, 84, 102, 114]. Note
that in the case of snoring these assumptions would certainly be discutable.
Thirdly the Reynolds number, Re = ρ0U0h0

µ0
with U0 a typical flow velocity, h0 a typical

dimension (such as the pharyngeal minimum aperture), µ0 the dynamic viscosity and ρ0

the density, represents the importance of inertial forces with respect to the viscous forces
acting on a given fluid element and the length of the pharyngeal replica. In first approxi-
mation the flow is assumed to be inviscid considering the involved characteristic Reynolds
numbers Re0 ≈ O(103). Although it can be neglected for the bulk of the flow, viscosity is
important near the walls motivating the application of the boundary layer theory. Next, the
occurrence of flow separation is a consequence of the viscosity and has a strong influence
on flow control [76, 84]. Therefore the flow separation point is either considered to be fixed
by an empirical ‘ad-hoc’ assumption or is predicted based on physical principles. The rele-
vance of this assumption and its influence on the position of flow separation is extensively
investigated in this paper.
Fourthly, the ratio of characteristic geometrical lengths yields information about the di-
mensionality of the flow. The aspect ratio h0/W0 is considered, with h0 a typical mini-
mum aperture and W0 a typical width. Following the characteristic ratio h0/W0 = 0.09
[h0/W0 << 1] the flow is assumed to be characterised by a bidimensional flow description
in the (x,y)-plane. This assumption will be experimentally tested.
In the next subsection different flow descriptions are presented based on the assumptions
with respect to viscosity, dimensionality of the flow description and to the influence of the
asymmetry on the geometrical replica. As a result the flow predictions resulting from dif-
ferent simplifications of the bidimensional laminar, incompressible and quasi-steady Navier
Stokes (NS) equations can be numerically and experimentally validated.

7.2. Theoretical Flow Predictions

The origin of OSA lies in a strong interaction of the fluid and the surrounding tissue pro-
voking the pharyngeal airway recurrently to collapse during sleep. A first requirement to
describe ongoing phenomena is to know the pressure variations through the pharyngeal ge-
ometry. Since an exact analytical solution for the flow through such a constriction is not
available different flow models and flow assumptions are assessed to estimate 1) the volume
flow velocity φ and 2) the pressure distribution p(x) as function of position [12, 96].
Once p(x) is known the force F(x) acting by the airflow on the surrounding tissue of the
pharynx is deduced as F (x) =

∫

pdS.

7.2.1. Bernoulli with Ad-hoc Viscosity Correction

In first approximation, the flow is assumed to be fully inviscid. The three assumptions of
incompressible, quasi-steady and inviscid flow allow to apply the steady one-dimensional
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(1D) Bernoulli law (1),

p(x) +
1

2
ρU(x)2 = cte, (1)

to estimate the pressure distribution p(x) along the pharyngeal walls. The volume flow
velocity is defined by φ(x) = U(x)A(x) = cte with U(x) the local flow velocity and
A(x) the area along the pharyngeal replica. To be useful, an empirical ad-hoc correction
is needed to the 1-D Bernoulli equation to account for the occurrence of flow separation
downstream of hc. The jet formation downstream of the point of flow separation is due to
very strong viscous pressure losses and reversed flow occurring near the wall and thus can
not be predicted by the Bernoulli law. For a steady flow the onset of separation coinciding
with the separation point is defined as ∂U

∂n
|n=0 = 0. In literature, the area associated with

flow separation As is empirically chosen as 1.2 times the minimum area Amin along the
replica, i.e. As = cAmin, with c = As

Amin
= 1.2 [83, 45]. The ad-hoc correction for the 1D

Bernoulli (1) results in a steady 1D expression for p(x) given in (2), with p0 and A0 re-
spectively the upstream pressure and area. The volume flow velocity is estimated as (3). In
expression of (2) pressure recovery downstream of the point of flow separation is neglected.

p(x) = p0 +
1

2
ρφ2

(

1

A2
0

−
1

A(x)2

)

(2)

φ = As

√

2(p0)

ρ
,As = cAmin (3)

The preceding assumption of inviscid flow is not valid for low Reynolds numbers. This is
the case for low flow velocities U or/and small hc values. In this case, an extra Poiseuille
term is often added to the Bernoulli expression for p(x) in (2) to correct for viscous pres-
sure losses. The Bernoulli expression with Poiseuille correction is given in (4) with µ the
dynamic viscosity coefficient, W the width of the half cylinder and h(x) the height between
the half cylinder and the flat plate as defined in subsection 7.3.1. and depicted in Figure 1.

p(x) = p0 +
1

2
ρφ2

(

1

A2
0

−
1

A(x)2

)

−
12µφ

W

∫

dx

h(x)3
(4)

7.2.2. Boundary Layer Solution

In the preceding subsection 7.2.1. the viscosity is either neglected (Bernoulli in (2)) or
corrected with an additional Poiseuille term, assuming a fully developed Poiseuille flow
(Poiseuille in (4)). However, at high Reynolds numbers the region in which viscous forces
are important is confined to a thin layer adjacent to the wall which is referred to as lam-
inar boundary layer δ. Outside of the boundary layer, the inviscid irrotational main flow,
with velocity U(x), is described by Bernoulli (3). The resulting boundary layer theory is
described by the Von Kármán momentum integral equation for steady flows [96]. An ap-
proximated method to solve this equation for laminar incompressible bidimensional (x,y)
boundary layers is given by Thwaites method.
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Introducing two shape parameters H(λ) = δ1
δ2

, S(λ) ∝ τSδ2
U

which are only func-
tions of the velocity profile determined by the acceleration parameter λ ∝ dU

dx
δ2, with

τS(x) ∝ limn→0
∂u
∂n

the wall shear stress indicating the viscous force per unit area acting at
the wall, the displacement thickness δ1

δ1(x) =

∞
∫

0

(

1 −
u(y)

U

)

dy, (5)

and the momentum thickness δ2

δ2(x) =

∞
∫

0

u(y)

U

(

1 −
u(y)

U

)

dy. (6)

The Von Kármán equation is then approximated by

δ2

2(x)U6(x) − δ2

2(0)U
6(0) ∝

∫ x

0

U5(x)dx. (7)

Equation (7) in combination with the fitted formulae for H(λ) and S(λ) tabulated in [12] en-
ables to compute the strived pressure distribution p(x) up to the flow separation point where
τS = 0 for a given input pressure and known geometry. Moreover, the point of flow separa-
tion xS is numerically estimated since separation is predicted to occur at λ(xS) = −0.0992
[85]. So no ad-hoc assumption is made to account for flow separation.
In [28] the method was successfully applied to accurately predict the position of flow sep-
aration and associated pressure within the glottis. In the present study the prediction of
the pressure distribution along the pharyngeal replica is assessed. Although since flow
prediction downstream of the position of flow separation is not possible in the following
subsections a numerical methods of flow prediction is outlined.

7.2.3. Reduced Navier Stokes

A second simplification of the Newtonian steady laminar incompressible bidimensional
Navier Stokes equations is obtained making two additional assumptions. Firstly the flow
is assumed to be characterised by a large Reynolds number and secondly the geometrical
transverse dimension (y-axis) is assumed to be small compared to the longitudinal dimen-
sion (x-axis). In the geometry under study the last assumption coincides with h0 << D.
Applying those assumptions to the bidimensional NS equations results in a system in which
the transverse pressure variations are neglected. This system is referred to as the Re-
duced Navier Stokes/Prandtl (RNSP) system in accordance with Prandtl’s formulation of
the steady boundary-layer [58]. Nondimensional variables are obtained by scaling u∗ with
U0, v∗ with U0/Re, x∗ with h0Re, y∗ with h0 and p∗ with ρU 2

0
with the Reynolds number

defined as Re = U0h0/ν. In terms of the nondimensional variables the resulting RNSP
equations become:

∂

∂x
u +

∂

∂y
v = 0, u

∂

∂x
u + v

∂

∂y
u = −

∂

∂x
p +

∂2

∂y2
u, 0 = −

∂

∂y
p. (8)
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The no slip boundary condition is applied to the lower and upper wall. Since the lower
wall of the geometry of interest corresponds to y = 0 and the distance to the upper wall is
denoted with h(x) the no slip condition becomes respectively (u(x, y = 0) = 0, v(x, y =
0) = 0) and (u(x, y = h(x)) = 0, v(x, y = h(x)) = 0). In order to numerically solve the
RNSP equations the pressure at the entrance is set to zero and the first velocity profile need
to be known (Poiseuille). There is no output condition.

7.3. Experimental Validation

In order to enable experimental validation of the predicted pressure distribution for a given
pressure, a suitable ‘in-vitro’ pharyngeal replica and experimental setup is required. Next,
the flow predictions outlined in section 7.2. are developed assuming particular flow con-
ditions. Therefore major flow assumptions discussed and motivated in subsection 7.1. are
experimentally validated before in the following section the predictive value of the flow
descriptions is systematically explored.

7.3.1. In-vitro Pharyngeal Rigid Tongue Replica

The place of obstruction in the pharynx at the origin of OSA is known to be very variable
(naso-, oro- or laryngopharynx) [91]. Regardless the precise location of obstruction in
the pharynx the relevant anatomy is ‘in-vitro’ imitated by a rigid half cylinder, representing
roughly the tongue geometry, placed inside a rectangular uniform pipe representing thus the
pharyngeal wall. Changing the minimum aperture (hc) between the tongue-replica and the
pipe allows the study of different obstruction configurations. Consequently the important
geometrical parameters are the diameter D of the half cylinder and the value of hc. In this
study the diameter D of the rigid replica is fixed to 49 mm which is in accordance with
anatomical ‘in-vivo’ values. Different degrees of constriction are studied by changing hc

between the half cylinder and the flat plate. Minimum distances hc of 1.45, 1.90, 2.30 and
3.00 mm are considered. These distances were measured using calibrated plates with an
accuracy of 0.01 mm. In order to connect the replica to the experimental setup described in
subsection 7.3.2. a triangular attachment of length 25 mm and height 6 mm is fasten to the
upper part of the half cylinder maintaining a fixed vertical height of h0=34 mm between the
beginning of the attachment and the flat plate. A photograph and longitudinal cross-section
of the resulting pharyngeal geometry constituted from the attachment and ‘in-vitro’ tongue
replica is depicted in respectively Figure 1(a) and Figure 1(b) for the assessed hc’s.

The flat plate coincides with the x-axis at y=0. The changing height of the replica along the
x-axis is further denoted with h(x). Remark the physiologically observed strong asymmet-
rical nature of the replicas geometry in the (x,y)-plane. The replica has a fixed width W of
34 mm along the z-dimension.
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Figure 1. (a) Photograph of the ‘in-vitro’ pharyngeal tongue replica, mounted pressure
transducers and hot film. (b) Schematic 2D overview of the ‘in-vitro’ pharyngeal tongue
replica, mounted pressure transducers and hot film. The pharyngeal cavity geometry is
represented by a flat bottom plate corresponding to y=0 and half cylinders with diameter
D=49 mm for the assessed hc’s (1.45, 1.90, 2.30 and 3.00 mm). The y-axis corresponds with
the distance between the flat plate and the half cylinder. The x-axis presents the distance
along the longitudinal axis of the replica. The sensor sites are indicated with a solid blue
line. The direction of incoming airflow is indicated with an arrow.

7.3.2. Experimental Setup

To simulate the origin of OSA the rigid pharyngeal replica is attached to an ‘in-vitro’ test-
installation. The test-installation enables to study the influence of various upstream pha-
ryngeal airflow conditions. To validate theoretical flow predictions, flow characteristics are
measured at different positions along and upstream of the tongue replica. Incoming air-
flow conditions are determined by measuring the volume flow velocity (φ) and upstream
pressure (p0) as indicated in Figure 1(b). The volume flow velocity φ [l/min] is measured
using a thermal mass flow meter (TSI 4040) with an accuracy of 0.01 l/min. Flow pressure
measurements [Pa] are performed at three different positions (p1, p2, p3) depicted in Fig-
ure 1(b) along the converging part of the rigid tongue replica and the flat bottom plate. The
pressure is measured with piezoresistive pressure transducers (Endevco 8507C or Kulite
XCS-093) positioned in pressure taps of 0.4 mm diameter at the mentioned sites which al-
lows dynamic pressure measurements. The site p3 corresponds to the position hc. The sites
p2 and p1 are respectively located upstream from the site p3 at 4.5 mm and 8.0 mm along
the x-dimension. The pressure transducers are calibrated against a water manometer with
an accuracy of 1 Pa. The volume flow velocity φ and pressure distribution p(x) along the
replica are predicted from the measured upstream pressure p0.
Next to pressure measurements a constant temperature anemometer system (IFA 300) is
available in the test-installation to perform flow velocity measurements with accuracy of
0.1 m.s−1. Velocity profiles can be obtained by moving the hot film using a two dimen-
sional stage positioning system (Chuo precision industrial co. CAT-C, ALS-250-C2P and
ALS-115-E1P). The accuracy of positioning in the x and y direction is respectively 4 and 2
µm.



56 A. Van Hirtum, F. Chouly, P.Y. Lagrée et al.

0 0.005 0.010 0.015 0.020 0.0250.8

0.9

1

z [m]

no
rm

al
ize

d 
ve

lo
cit

y 
[−

]

∆ z =1.0 mm 

∆ z = 0.1 mm 

(a) horizontal velocity profile

0 50 100 150 200 250 300 350 400 450−0.2

0

0.2

0.4

0.6

0.8

1

p0 [Pa]

no
rm

al
ize

d 
pr

es
su

re
 [−

]

p1 / p0

p2 / p0

p3 / p0

(b) pressure measurements

Figure 2. (a) Normalized horizontal velocity profile (0 up to 30 mm and 30 down to 0 mm)
for hc = 2.3 mm and a steady flow of 60 l/min. (b) Pressure measurements at p1, p2 and p3

normalized with the upstream pressure p0 for hc = 3.00 mm. Pressures are measured on
the half cylinder (+) and on the flat bottom plate (o).

7.3.3. Experimental Validation of Some Major Flow Assumptions

Spatial distribution of the flow

The steady flow models presented in section 7.2. result in a 1D, quasi-2D or 2D flow
description. The third dimension (z-axis) perpendicular to the (x,y) plane is assumed to
have no influence on the flow. In order to validate this assumption, the horizontal velocity
profile is measured for each hc. Figure 2(a) illustrates an exemplary velocity profile for
hc = 2.3 mm and a steady flow of 60 l/min. (0 up to 30 mm and 30 down to 0 mm) The step
∆z at the edges near the wall is 0.1 mm elsewhere ∆z equals 1.0 mm. The anemometer
is positioned as close as possible to the minimum aperture. The measured velocity has
a standard deviation (ξ [%]) ξ < 1 % around its mean value. ξ < 1 % corresponds to a
flat velocity profile along the z-direction. For all assessed apertures and volume flow rates
ξ < 1 % is maintained. At the edges, where a smaller step size of ∆z = 0.1 mm is applied,
the measured velocities are slightly decreased due to the presence of the boundary layer.
Consequently neglecting the z-dimension in the flow description is positively validated and
as such a bidimensional (x,y) spacial distribution of the flow is motivated.

The velocity profiles depicted following the y-dimension in figure 3(b) draw attention to
the asymmetry of the flow within the pharyngeal replica. The vertical velocity along the
y-dimension is measured while the x-value coincides with an aperture of 9 mm along the
diverging side of the replica. This position is indicated by the horizontal line at h(x)=y=9
mm in Figure 1(b). The vertical velocity profile is measured with a spatial resolution of
∆z = 0.1 mm. Figure 3(b) shows the vertical velocity profile for volume flow velocities
ranging from 20 l/min up to 100 l/min for a minimum aperture hc = 2.30 mm. y=0
corresponds with the flat plate of the replica. For high volume flow velocities the vertical
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velocity profiles in figure 3(b) becomes asymmetrical. In order to evaluate the impact of
the asymmetry on the pressure distribution the pressure is measured at positions p1, p2 and
p3 on the half cylinder as well as on the flat bottom plate as indicated in figure 1(b). Figure
2 represents an example of the normalized pressure measurements for different values of
the upstream pressure p0 for the minimum aperture hc = 3.00 mm. and p3 normalized with
the upstream At the position of the minimum aperture the ratio p3

p0
approximates -0.15 for

both the pressures measured on the half cylinder as on the flat bottom plate. This ratio is of
the same order of magnitude than the one mentioned in [45] for a symmetrical lip replica
with a comparable minimum aperture of hc = 3.36 mm. Thus at the position of minimum
aperture the measured pressure difference is between the half cylinder and the flat plate is
very limited. The pressures measured at the flat plate at position p2 are by a few percent
superior to the pressures measured at the half cylinder. Looking at the measurements at
position p1 the same finding holds. Furthermore the transverse pressure difference is found
to decrease approaching the minimum aperture. So the influence of the asymmetry on the
pressure measurements augments with increasing absolute value of the spatial derivative.
Although systematically, the measured pressure gradients at positions p2 and p1 are far
inferior to 10 %, which is small compared to the general accepted error range of 25 % [45].
Same findings hold for all assessed minimum apertures. Therefore it is concluded that
although measurable, the asymmetry hardly affects transverse pressure measurements and
thus the strived pressure distribution p(x). This finding is important considering application
of the boundary layer theory since, as expressed in equation 8, the equations of motion
within the boundary layer assume that transverse pressure variations can be neglected.
The experimental findings are in agreement with theoretical modelling results presented
in [59]. Firstly the measured tendency is confirmed, i.e. increasing the pressure drop on
the curved wall and decreasing is on the other. Secondly, the effect is found to be second
order, so the effect is small but measurable. The theoretical results are obtained with both
a Navier-Stokes solution as with an integral interacting boundary layer (IBL) theory for
steady laminar flow in a asymmetrical bidimensional channel at high Reynolds number.
Although the IBL method is very fast at present the second order effect is further left out
of consideration, but might be applied in future since the asymmetry also influences the
position of minimum pressure and flow separation [59].

Flow prediction

Figure 3(a) illustrates a detailed bidimensional velocity map for a steady flow of 40 l/min
with a minimum aperture of hc = 3.00 mm. The presented findings hold for all assessed
minimum apertures and volume flow velocities. The anemometer is displaced with a step of
∆x = 1 mm in the x direction and ∆y = 0.05 mm in the y direction. The same way as for the
horizontal velocity profile depicted in Figure 2(a) the decrease in velocity towards the edges
provides experimental evidence for the presence of a boundary layer. Along the diverging
part of the replica the velocity tends to zero, which experimentally illustrates the impact of
flow separation on the flow also mentioned in [102]. The importance of the boundary layer
and flow separation on the bidimensional flow description is further illustrated in figure
3(b).
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Figure 3. (a) Measured bidimensional velocity profile (absolute value) illustrating flow
separation and jet formation along the diverging part of the replica for a steady flow of 40
l/min and hc = 3.00 mm. A step of ∆x = 1 mm in the x direction and ∆y = 0.05 mm in
the y direction is applied. (b) Measured vertical (along the y-axis) velocity profile at y=9
mm for given flow velocities φ with hc = 2.30 mm. Note the asymmetrical behaviour for
φ=100 l/min.

The plotted profiles show the existence of a boundary layer near the edge (y/hc = 0) and
the formation of a jet since the velocity tends to 0 as the ratio y/hc becomes superior to 1.
The development of the inviscid main flow with increasing volume flow velocity is clearly
illustrated. Due to the importance of the position of flow separation on the flow control
in the following the relevance of the assumption with respect to a fixed or predicted flow
separation point are extensively considered with respect to the strived pressure distribution.
The ad-hoc corrected Bernoulli law with the assumption of fixed flow separation point de-
scribed in subsection 7.2.1. results in the crudest prediction of the strived pressure distri-
bution. The application of the one dimensional pressure prediction is illustrated in figure
4(a) for a minimum aperture hc = 1.45 mm. cylinder at p1, p2 and p3 (+) pressure p0 for
hc = 1.45 mm The volume flow velocity φ is varied from 5 up to 120 l/min in steps of 5
l/min (Re ≤ 4719). The ratio of the measured and upstream pressure p0 at the positions
p1, p2 and p3 are indicated with crosses. The one dimensional pressure distribution p(x) is
shown for two different positions of flow separation expressed by two values of the constant
c = As

Amin
. The constant c is chosen to 1.2 and 1.05 corresponding to respectively the value

proposed in literature and the value retrieved from the measured data c =
√

1 − p3

p0
= 1.05.

Remark that in the last case the modelling performance is optimized by using not only one
input value (p0), but two (p0,p3). Since p3 is used as an input the predicted pressure values
at position p3 are expected to correspond well with the measured pressures. The origin of
the OSA syndrome is qualitatively explained by the negative pressure at the level of the
constriction. As expected an accurate quantitative model is obtained for the region of max-
imal pressure drop (R2=0.99 at site p3) from the 1D flow description. The impact of the
‘ad-hoc’ value c or the position of flow separation on the predicted pressure distribution is
obvious. Consequently the position of flow separation (or the value of the constant c) will
largely affect the forces exerted by the flow on the surrounding tissues. In order to further
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Figure 4. (a) Pressure measurements along the half cylinder at p1, p2 and p3 (+) and
Bernoulli simulations with c=1.05 (full line on top) and c=1.2 (full line below) normalised
with the upstream pressure p0 for hc = 1.45 mm and φ=5 l/min up to φ=120 l/min. (b)
Longitudinal velocity profile with a step of ∆x = 1.0 mm for hc = 3.00 mm and φ=40
l/min: measured data (+), Thwaites (.) and RNSP (x).

evaluate the retrieved constant c = 1.05 figure 5 shows the physical value of the constant c
predicted using Thwaites method and RNSP. It appears that the ad-hoc value c=1.05 greatly
underestimates the position of flow separation xS for all covered volume flow velocities.
So, although the ad-hoc value c=1.05 optimises the 1D modeling performance, it is an un-
physical value resulting in a less accurate force distribution. As the matter of fact, since:

F = W

∫ separation

inlet

p(x)dx, (9)

so accurate prediction of separation point absence is also of importance and one dimensional
pressure prediction involving a fixed position of the flow separation point is not useful for
application to OSA where the force distribution is important and will not be considered
further. This finding is in agreement with [84, 76] who stresses the importance of an accu-
rate prediction of flow separation and the need to improve the one-dimensional model with
more modern boundary layer methods.
Figure 4(b) shows the measured and predicted longitudinal velocity profile along the x-axis
using Thwaites method and RNSP, outlined in subsections 7.2.2. and 7.2.3. for a steady
flow of 40 l/min with a minimum aperture hc = 3.00 mm. measured data (+), Thwaites
(.) and Note the limited range of experimental data along the longitudinal dimension, i.e.
the x-axis. This is due to the physical dimensions of the hot film probe preventing further
insertion inside the replica. Thwaites method does not allow to compute any predictions
past the point of flow separation. Consequently for large x values only experimental data
points and RNSP predictions can be seen. The same findings hold for all assessed minimum
apertures and volume flow velocities.
The velocity values obtained with both Thwaites method and RNSP are within 10 % agree-
ment with the measured velocity values. Although the velocity distribution within the
replica seems much more accurate with RNSP since the trend in the measured data is cap-
tured.
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Figure 6. Normalized pressure for hc = 3.00 mm at position (a) p1, (b) p2 and (c) p3:
measured data (+), Thwaites (.) and RNSP (x).

7.3.4. Pressure Distribution

The predictive value of the bidimensional flow predictions using Thwaites method and
RNSP is quantitatively explored in [110]. Since the position of flow separation largely
affects the force distribution, we reconsider the predicted values of the constant c for differ-
ent volume flow velocities depicted in figure 5. Although very close, the constant predicted
with Thwaites is systematically superior to the constant obtained from RNSP. Consequently
RNSP predicts flow separation to occur prior compared to Thwaites. To evaluate the pre-
diction of the pressure distribution with Thwaites and RNSP the pressures measured at
positions p1, p2 and p3 are compared to the computed pressures. Figures 6(a), 6(b) and 6(c)
show the predicted and measured data normalised by the upstream pressure p0 at positions
p1, p2 and p3 for hc = 3.0 mm as function of the upstream pressure p0. at position (a) p1,
(b) p2 In general the pressure drop predicted by RNSP is slightly superior to the pressure
drop predicted by Thwaites method. A larger pressure drop agrees with the slightly inferior
value of the constant c mentioned earlier in case of RNSP. Figure 6(c) illustrate that both
Thwaites and RNSP pressure predictions at the minimum aperture p3 yields well within
the typically accepted error range of 25 % on the measured pressure values [45]. From the
remaining figures it can be seen that this hold also for the pressure measured at positions p1

and p2. Note from Figure 4(a) that using Bernoulli would give estimation errors far above
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the accepted error range of 25 % in case the position of flow separation is respected (c=1.2).
The overall model performance for all assessed minimum apertures (1.45, 1.90, 2.30, 3.00
mm) at the positions p1, p2 and p3 for Thwaites and RNSP is detailed in [110] for vol-
ume flow velocities ranging from 5 l/min to respectively ≤30, ≤60, ≤80, ≤100 and ≤120
l/min. The covered ranges allow to value the predictive value for distinct Reynolds numbers
Re = φ

Wν
, with ν being the kinematic viscosity coefficient and W and φ as defined previ-

ously. For all 5 cases the model performance of both Thwaites and RNSP at the position
of minimum constriction is excellent. Further it can be seen that in the prediction perfor-
mance increases approaching the position of minimum aperture. This finding stresses the
importance to validate the pressure predictions at different sites along the replica in order
to compare and evaluate flow predictions if the pressure distribution and hence the forces
exerted by the flow on the surrounding walls is of interest. Reynolds numbers below 2500
are characteristic for laminar flows. Higher values of the Reynolds number indicate the
transition from laminar to turbulent or turbulent flows. Since the applied bidimensional
flow predictions are laminar flow models the flow behaviour was expected to be most accu-
rately described within the laminar range, as is the case. Furthermore the predictive value of
RNSP exceeds slightly Thwaites predictions for low volume flow velocities in the laminar
range. The volume flow velocities involved during OSA are below 30 l/min [32]. So, in
case of OSA the predictive value of RNSP exceeds slightly the predictive value of Thwaites
method and RNSP prediction is favoured to acquire the pressure distribution.
The obtained results experimentally confirms the numerical study reported in [102] for a
rigid pharyngeal geometry and in particular the crucial effects of geometrical changes in
the morphology. The minimum aperture or the degree of obstruction on the pressure drop
is systematically varied in order to explore the influence of small geometrical changes as
e.g. caused by surgery. In addition, the applied ‘in-vitro’ methodology allows validation
of major theoretical hypothesis and quantification of the flow model performance. Since
measuring flow characteristics and hence theoretical model validation inside an oscillat-
ing elastic tube is a difficult task, the presented experimental validation is a necessary step
towards flow modeling in case of a non-rigid collapsible replica as presented in the next
section.

8. Towards an Accurate Simplified Fluid Structure Model

Experimental validation under controlled and measurable experimental conditions on a non-
rigid elastic replica is the next crucial step before extending the findings to a true human
pharynx and preliminary prediction of surgical interventions.

8.1. In-vitro Pharyngeal Deformable Tongue Replica

As an alternative to the classical Starling resistor a deformable ‘in-vitro’ pharyngeal tongue
replica is presented. The design is inspired on a mix of the rigid ‘in-vitro’ pharyngeal tongue
replica described in 7.3.1. and ‘in-vitro’ deformable replicas of the vocal folds [24, 95, 94,
109]. The same way as for the rigid replica the relevant ‘in-vivo’ anatomy is simplified and
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‘in-vitro’ imitated by a metal cylinder representing roughly the tongue geometry covered
with latex of 0.3 mm thickness. Different stages of mounting are illustrated in Figure 7.
The covered cylinder is placed inside a rigid circular uniform pipe of diameter 25 mm.

hollow metal support

latex cover

(a) cover and support

deformable portion

hollow rigid metal 
cylinder support

latex cover

(b) upper cylinder

rigid metal support

removable rigid
flat bottom plate

(c) support and flat pate

latex &
cylinder

rigid support
& flat bottom plate

deformable

(d) mounting

Figure 7. Mounting of the deformable tongue replica. (a) Latex cover and rigid support, (b)
Resulting deformable upper cylinder, (c) rigid support and removable flat bottom plate and
(d) Mounting the deformable ‘in-vitro’ tongue replica.

The metal cylinder has the same diameter of 49 mm as the rigid replica. The interior
is hollow so the covered cylinder can be filled with water supplied through small ducts of
4mm diameter connected to a water column. The height of the water column is controllable.
This way the internal pressure Pin is controllable as well. A portion of the metal cylinder
is removed, with internal length 27 and width 22 mm, in order to obtain a deformable part
which fit in the metal circular pipe support. Mounting of the cylinder to the rigid pipe
support provides a constricted channel for the airflow. A removable rigid flat bottom plate
is inserted representing thus the pharyngeal wall. The choice of the flat plate influences the
height of the constriction between the cylinder and the bottom plate. The centre height of
the constriction hc corresponds to the requested geometrical input parameter for theoretical
modelling and is indicated in Figure 8(a) illustrating the mounted replica. Besides the
bottom plate the initial degree of obstruction, i.e. in absence of airflow, in the channel
formed between the cylinder and the flat plate is altered by imposing the internal pressure
Pin lifting or lowering the water column connected to the water supply. Initial obstruction
heights hc of maximal 3 mm are assessed corresponding to obstruction degrees of more than
90 % reckoning for the upstream pipe diameter of 25 mm. The imposed Pin determines also
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supply
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(a) frontal view at downstream end

airflow
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8 mm

(b) upper view support

Figure 8. (a) Frontal view of the mounted deformable replica at downstream end. The
deformable area is indicated with a rectangle. The laser spot allows to make dynamical
measurements of the centre height hc. Pressure sensors are mounted on the rigid flat bot-
tom plate at positions inidicated in part b. The water supply allows to control the internal
pressure in the replica. (b) Longitudinal upper view of the mounted rigid flat bottom plate
in absence of the latex cylinder with pressure taps.

the mechanical properties of the deformable replica. Pressure taps of 0.4 mm diameter are
positioned upstream of the replica and along the diverging part of the constriction in the
removable bottom plate at a distance of 8 mm. The exact position is indicated in Figure
8(b) with a square for the pressure taps p1, p2 and p3 and p0 denotes the upstream pressure.
Note that the position p1 coincides with the centre of the metal support cylinder, so with the
rigid minimum constriction of the undeformed cylinder.

8.2. Experimental Setup and Collapse Model

An air supply is connected to a pressure tank of 0.75 m3 enabling to impose an airflow
through the flow channel of the deformable replica. The same way as for the rigid replica
pressure sensors (Endevco 8507C or Kulite XCS-093) are positioned in the pressure taps en-
abling to quantify the pressure distribution at positions (p0, p1, p2, p3) where p0 determines
the pressure difference ∆P between upstream and downstream pressure of the constriction
which is the main driving parameter of the studied fluid-structure interaction. The geome-
try and the deformation of the replica can be observed by means of a laser beam (635 nm)
passing through the replica and brought to focus on a light sensitive diode (BPW 34) [109].
As can be observed in Figure 8(a), the width of the laser beam covers only a limited part of
the width of the open area A between the bottom plate and the deformable upper part indi-
cated by the rectangle on Figure 8(a). Therefore the optical laser system was calibrated to
relate the transmitted light intensity of the original beam to the centre height (hc) between
the bottom plate and the curved upper part. This way time-varying centre heights hc(t) up
to 6 mm can be measured with an accuracy of 0.01 mm. Besides the optical laser system a
camera-based visualization system detailed in [109] is applied to monitor the deformation
of the geometry. Imaging with a digital camera (Inca311 with resolution 1280x1024 pixels,
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Philips) is triggered with respect to the upstream pressure p0 in order to acquire images of
the open area A at different stages during the fluid-structure interaction, enabling visualiza-
tion of different degrees of deformation and hence variations of the original open area A0.
More particularly, a step-trigger is acquired whenever p0 is gradually increased (between 0
and ±2500 Pa) and an image is acquired whenever p0 is raised with a fixed step of 50 Pa.
Consecutive images are shown in Figure 9. A collapse of the deformable replica due to the
interaction with the airflow is observed. Consequently the proposed replica is capable to

(a) instant 1 (b) instant 2

(c) instant 3 (d) instant 4

Figure 9. Visualisation of ‘in-vitro’ replica deformation at consecutive time instants. The
visualised area is indicated with a rectangle in Figure 8(a). So the bottom of the images
corresponds to the rigid flat bottom plate and the top with the deformable part of the latex
cylinder.

reproduce ‘in-vitro’ a partial collapse characteristic for a hypopnea. The reproduction of a
total collapse, corresponding to an apnea, is illustrated in Figure 10 by way of a simple dye
experiment. The deformable part is coloured. Observation of the dye deposit on the flat

airflow

dye
missing
dye

(a) dye suppress on latex cylinder

airflow

dye
deposit

(b) dye deposit on rigid flat plate
Figure 10. Deposit from dye of the deformable upper part (a) on the rigid flat plate (b) after
a fluid-structure interaction illustrating contact or a total collapse of the deformable tongue
replica shown in 8 as well as an important movement in the flow direction.

bottom plate when p0 is increased allows firstly to put in to evidence complete closure of
the replica and secondly a movement of the deformable part in the airflow direction during
closure.
Both the camera observations and the simple dye experiment, shown in Figures 9 and 10
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respectively, illustrate that the proposed replica is suitable to reproduce partial or complete
collapse. The proposed replica is therefore an alternative to the classical Starling resistor
experiment. Furthermore despite the severe simplifications the current replica design allows
to study the influence of asymmetrical wall characteristics, to measure and hence to vali-
date the pressure distribution along the flat bottom plate and to quantify the deformation for
several constriction heights depending on the bottom plate and the imposed internal water
pressure Pin in the cylinder.

8.3. Simplified Fluid Structure Interaction Model

The fluid structure interaction between a fluid flow model and a mechanical structure model
is schematically depicted in Figure 11. An iterative procedure [43] enables to model the

biomechanical
tissues model

force
(pressure)

fluid flow model

geometry
(deformations)

Figure 11. Schematic representation of segregated physical modelling of flow-structure
interactions.

fluid structure interaction on the deformable replica described in 8.1. and illustrated in the
previous section 8.2. First the pressure distribution is computed using the RNSP flow model
which is detailed and motivated in section 7. Next the corresponding forces are applied to
a finite element model of the ‘in-vitro’ setup presented in [16, 18] resulting in a deforma-
tion of the initial geometry. Then the flow model is again applied to compute the pressure
distribution resulting in a new deformation. This procedure is iterated until the yielded de-
formation is no more significant. The whole procedure is detailed in [16, 18]. Very briefly a
finite element three-dimensional model of the deformable part of the replica is proposed ac-
counting for its geometry, mechanical characteristics and boundary conditions. As the fluid
model is assumed to be two-dimensional and the structural model is three-dimensional, the
structure is divided into a small number of 5 slices and the pressure distribution is computed
for each element. The Poissons ratio is set to µ = 0.499 assuming incompressibility. The
Young modulus E is fixed to 1.6 MPa in agreement with ‘in-vitro’ experimental deforma-
tion hc data obtained in absence of airflow for different internal pressures Pin and assuming
small deformations and a linear relationship between constraint and deformation [16, 18].
Figure 12 illustrates typical examples of the constriction height hc(t) for ∆P increased to
200 and 290 Pa, the initial centre heights h0

c yield 1.2 and 0.87 mm, respectively, and Pin

is fixed to 200 and 400 Pa. The centre height hc is obtained by means of a laser beam
as explained in section 8.2. Since the imposed Pin value in 12(b) is greater than the value
imposed in 12(a) the initial aperture in 12(b) is smaller than in 12(b). The reproducibility
of the data is thoroughly validated by performing multiple experiments as shown in Figure
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Figure 12. Simulation of a hypopnea illustrating measured (+,◦,∗) and predicted (full line)
centre height hc as a function of upstream pressure [16, 18].

12. The experimental results correspond to a collapse of about 25 % corresponding to the
‘in-vitro’ reproduction of a hypopnea syndrome due to the negative pressure forces along
the constriction as extensively discussed in section 7.3. for the rigid replica. The occurrence
of negative pressures measured on the deformable replica is illustrated in Figure 13 for Pin

set to 200 Pa. The pressure is measured at the pressure taps p1, p2 and p3 shown in Fig-
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Figure 13. Measured pressures P(t) for the deformable replica for Pin set to 200 Pa for the
upstream pressure (p0) and for the pressure taps at the positions indicated in Figure 8(b) to
the middle of the metal cylinder 0 (◦), 8 (4) and 16 (+) mm thereafter labelled 0, 8 and 16
respectively.

ure 8(b). In absence of flow the minimum constriction coincides with the position of the
pressure tap p1 at the centre of the metal support in Figure 8(b). The positions in Figure
13 are labelled with respect to their distance (in mm) to this reference point p1 labelled 0.
Increasing the upstream pressure p0 results in negative pressures at all pressure taps, i.e.
at the support centre 0, 8 and 16 mm further downstream. Further increasing the pressure
results in a further decrease 16 mm after the centre while at the centre a positive pressure
is retrieved. Therefore the curves confirm the displacement of the minimum constriction
in the flow direction prevailed in the dye experiment illustrated in Figure 10. The over-
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all model prediction illustrated in Figure 12 agrees well with the experimental data. In all
cases the error remains well below 20 % considered as the upper limit for worst case er-
ror. Replica reopening is observed in Figure 12(a) for experimental data 1. This behaviour
can not be predicted by the current model proposed in [16, 18] due to the assumption of
quasi-steadiness. Reopening is associated with the onset of instabilities retrieved in e.g.
snoring. This illustrates the mentioned relationship between OSA and snoring but shows
at the same time the difference between the two phenomena. The flow limitation due to
the wall displacement characterising the collapse is for the examples showed in Figure 12
quantified in [16, 18] and yield 49.9 and 69.6 %, respectively. The percentages of flow lim-
itation are comparable to ‘in-vivo’ order of magnitudes of about 50 % in case of hypopnea.
So both the theoretical as the experimental model are suitable to study at partial collapse
and in particular the presented experimental model is therefore a valuable alternative to the
classical Starling resistor experiment. The theoretical model is not capable to predict total
collapse since among others a collision model is not taken into account. The contact during
the collision influences e.g. the onset of instabilities to a large extent as shown in [109].
A first preliminary qualitative ‘in-vivo’ validation of the theoretical model is presented in
[17]. Pre- and post-operative (maxillomandibular surgery) geometries are extracted from
sagittal radiographies obtained on two patients suffering from obstructive sleep apnea. Re-
sults are detailed and extensively discussed and are in good agreement with clinical data.
So the clinical validation is encouraging, but should be extended to a larger number of
subjects. Moreover considering ‘in-vivo’ data multiple constriction sizes can be found.
Therefore the study of the theoretical and experimental model should be continued and
e.g. the downstream influence on an upstream constriction should be considered in further
modelling. Nevertheless the proposed model provides a trade off between accuracy and
simplicity resulting from motivated and thoroughly validated assumptions. The proposed
approach seems to offer a workable tool for clinical applications in terms of computational
load and at the same time to favour physical understanding since important flow phenomena
are identified at the begin of the model design. Inclusion of second order effects in simpli-
fied models remains a challenging and fundamental task and is subject to current research
as e.g. shown in [59] for the effect of asymmetry predisposing the experimentally found
forward movement depicted in section 7.3.3.

9. Conclusion

Despite excellent research, the current state of the art considering the diagnosis, treatment
and understanding of obstructive sleep apnea would benefit from improved physical under-
standing allowing to identify and quantify the principle phenomena involved. Since ‘in-
vivo’ physiological observations are the result from highly complex fluid-structure-neural
interactions ‘in-vitro’ experimental models are proposed in order to validate the problem
formulation and to study the phenomena in a controllable and far simplified configurations
neglecting neural control mechanisms. In case of physiological fluid-structure interactions
as the obstructive sleep apnea syndrome the experimental model can be brought back to
the study of collapsible tubes as in the classical Starling resistor experiment. Although
the anatomical properties encountered in the upper airways exhibit an asymmetry in both
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geometry as mechanical properties which can not be attained by considering the Starling
resistor. Therefore the current study proposes alternative experimental models with differ-
ent complexity. Firstly a rigid replica is applied approximating a narrowed asymmetrical
geometry. Secondly the asymmetry in mechanical properties of the surrounding structures
is considered in addition to the geometrical asymmetry by partly replacing the rigid struc-
ture with a deformable portion. The deformable experimental model allows to reproduce
both a hypopnea as an apnea event in case a suitable experimental setup is used. The setup
should be capable to produce the required airflow, to impose the different parameters and
to measure quantities of interest. Therefore the experimental model is, despite the severe
simplifications, suitable to study fluid structure phenomena at the basis or at least largely
involved in ‘in-vivo’ obstructive sleep apnea events. Variation from the Starling resistor
seems hence possible and should be given a thought with respect to the study of e.g. ob-
structive sleep apnea.
Accounting for currently available standard computer capacity and limitations in solving the
complete set of governing equations describing the fluid structure interaction in its full com-
plexity the searched theoretical model strives to balance between simplicity and accuracy.
Quantitative accuracy in the model outcome is a must considering medical applications
while simplicity is obtained by accounting for first order phenomena revealing the nature
of the problem and hence favouring understanding. Therefore a simplified flow model is
applied. The underlying assumptions are based on ‘in-vivo’ observed characteristics and
are thoroughly validated on a rigid experimental model. Next the flow model is integrated
in a segregated fluid structure model in which the structure is approximated with a finite
element model capable to model a partial collapse. Application of the theoretical model to
the experimental deformable model matches well in terms of the predicted deformation and
flow limitation. Furthermore encouraging results are obtained on ‘in-vivo’ data from pre-
and postoperative sagittal radiographies. Nevertheless fundamental research efforts should
be pursued firstly to identify, describe and incorporate major and minor effects in the theo-
retical model as among others wall contact during a complete collapse, flow reattachment
and multiple constrictions and secondly to exploit the simplicity of the current model in
an enlarged model of respiratory control to prospect the interweaving between central and
obstructive sleep apnea from a modeling point of view.
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