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Elastic ducts with time-varying geometry are a recurrent issue in many engineering and physiological
flow or sound production problems. In this study, we present and characterize a setup to study
aero-acoustic phenomena through a deformable duct with time-varying geometry. The setup is designed
in such a way that experimental control parameters relate directly to input parameters of a
quasi-analytical geometrical model (Van Hirtum, 2015). We focus on low Mach number and moderate
Reynolds number applications pertinent to physiological problems for which geometrical model input
parameters can be related to well defined physiological quantities. Therefore, data gathered using the
presented setup allow to study underlying physical phenomena and in addition favor comparison with
high performance computational simulations as well as with analytical models for which a limited
number of physiological meaningful input parameters are essential. Typical measurements illustrate
the impact of geometrical control parameters on the acoustic pressure field in absence and in presence
of flow, respectively.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Sound production and propagation through ducts is well stud-
ied when considering ducts with a constant shape [17,4,15].
Whereas such ducts are essential for many applications – e.g.
industry (applications related to liquid/gas transport [6,18]), musi-
cal acoustics (flute resonators or organ pipes [10]), etc. – much less
research considers sound production and propagation through
ducts with a time-varying shape. Nevertheless, physiological phe-
nomena related to noise production and propagation often occur
in ducts with a time-varying shape related to blood flow or air flow
[12,5,7,8,3,2,16].

Human speech production is a common example of such a phe-
nomenon, naturally associated with sound production, for which
the duct’s, i.e. upper airway, shape varies voluntary during articu-
lation of different phoneme utterances [13,19,1,9]. In this case,
sound through a finite duct is generated either aerodynamically
somewhere in the upper airway or is due to a fluid–structure inter-
action resulting in auto-oscillation at the duct’s inlet, i.e. at the lar-
ynx [9]. Obviously, the detailed geometry of a time-varying human
upper airway – or more in general physiological flow or sound
systems – is extremely complicated and is subject to intra- and
inter-subject variability. In addition, measurement of geometrical,
flow and acoustic properties on human subjects is limited and
therefore not suitable for studies aiming physical understanding
of sound production and propagation. Consequently, systematic
physical studies often rely on simplified geometries to enhance
understanding [12,9,19].

In the current work, a setup is presented to study aero-acoustics
of finite ducts for moderate Reynolds numbers and lowMach num-
bers as suitable for physical studies of physiological flow and
sound systems such as the human upper airway. It is aimed to con-
trol the duct’s geometry using a limited amount of control param-
eters related to constriction degree, duration and position for up to
two constrictions. Systematic variation of these parameters is
expected to enhance model validation since most studies consider
a limited amount of static geometrical configurations which hin-
ders general conclusions [22]. In addition, new insights in transient
phenomena related to controlled time-varying geometries are
expected to be gained since such data are few in literature. Conse-
quently, quantitative measurements in relation to a controlled
time-varying duct geometry potentially increases understanding
of the impact of the duct’s geometry on the flow and sound field.

Besides possible applications related to physiological flow or
sound systems the proposed setup can be used to contribute to
active vibration and noise control strategies. As an example, the
impact of varying the constriction degree on e.g. fluid–structure
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interaction somewhere in a duct has been show to be a simple way
to fine-tune the associated auto-oscillation frequency and instabil-
ity onset pressure [22] whereas other studies focus on the impact
of the duct geometry on sound scattering for engine exhaust silen-
cers [14].

In the following, the design and realization of the setup is
detailed and characterized. Next, examples of quantitative mea-
surements are discussed in order to provide evidence to what
extent complex aero-acoustic phenomena, including transient
regimes, can be produced, reproduced and hence studied. The
impact of the duct geometry is shown.
2. Setup

2.1. Design

The design is inspired on recent work on the deformation of an
a priori uniform circular (diameter D ¼ 2b0, with b0 the radius of
the undeformed circular cross-section) elastic duct by pinching it
between two parallel bars [20]. A quasi-analytical geometrical
model was proposed and validated to describe the pinched duct
portion based firstly on the assumption of a constant perimeter
(P ’ 2pb0) and secondly on the assumption that each cross-
section can be described as a stadium ring. The internal shape of
the duct is modeled as a function of the imposed pinching effort
P ¼ 1� bxc=b0 with bxc 6 b0 corresponding to the minimum radius
of the compressed duct. The approach results in an characteristic
error of less than 4% of the duct’s diameter for pinching efforts
between 40% and 95%. Besides the low computational cost, the
quasi-analytical duct model has the advantage to depend on a sin-
gle parameter bxc defining the imposed pinching effort at position
xc . Moreover, the model holds regardless the importance of the
applied constriction effort P (small, modest or severe pinching
efforts). A pinched circular duct of length L oriented along the
x-direction is illustrated in Fig. 1(a). Main geometrical parameters
are indicated: undeformed circular internal radius b0 defining
perimeter P, wall thickness d, pinching position xc , major aðxÞ
and minor bðxÞ axes of the cross-section.

The design of the setup exploits these features by aiming to
control as a function of time t the position of pinching along the
duct’s main axis xcðtÞ as well as the pinching effort P by imposing
bxc ðtÞ. Consequently, the pinched duct’s geometry can be approxi-
mated from the time-dependent parameter set fbxc ; xcgðtÞ using
the geometrical duct model following the flowchart indicated in
Fig. 2 and its outcome is illustrated in Fig. 1(b). The instantaneous
input parameter set fbxc ; xcg consists of the constriction position
(xc) and the minor axis at this position (bxc ). Besides time-varying
Fig. 1. (a) Main parameters of a pinched duct (unpinched internal radius b0 or constan
effort P ¼ 1� bxc =b0 applied at longitudinal position xc . (b) Some modeled geometrical qu
of constriction position xc and imposed pinching effort P associated with bxc . The duct’s e
length l is indicated (length corresponding to connection of the duct to remaining of th
parameters, two constant geometrical duct parameters are given
– unpinched internal radius and duct’s length fb0; Lg – as well as
the internal diameter and length fDl; lg of the attachment portion
which geometry is determined by the way the duct is mounted
to the remaining of the setup (see realization in Section 2.2). There-
fore, the geometry is modeled for longitudinal x-positions in the
range �Lþ l < x 6 0.

Concretely, for a pincer consisting of two parallel round bars
and a duct with internal radius b0, the minor axis at each longitu-
dinal position bðxÞ at time instant t is then estimated from the
known input parameters as [20]:

bðxc ;bxc ÞðxÞ ¼ b0 � b0 � 1� bxc
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with critical angle uðbÞ ¼ arctan 2
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Other geometrical variables important for aero-acoustic appli-
cations such as the area function AðxÞ or major axis aðxÞ can then
be expressed as a function of minor axis bðxÞ as well:

AðxÞ ¼ pb2 þ 2pb2
0 b ð1� bÞ; ð5Þ

aðxÞ ¼ bþ p
2
b0ð1� bÞ: ð6Þ

Following this design outlined in Fig. 2, the duct’s geometry can
be accurately modeled for a duct pinched between two parallel
blocks with circular extrema of diameter 6.4 mm enveloping the
duct in the plane perpendicular to the duct’s longitudinal axis
(x-direction) at a known constriction position xc and for a known
minor axis at this position bxc . Consequently, in the next Section 2.2
t perimeter P ’ 2pb0, constant wall thickness d) along the z-direction for pinching
antities (area AðxÞ, major aðxÞ and minor bðxÞ) for a duct of length L for known input
xit is taken as the origin of the x-axis so that its inlet corresponds to �L. Attachment
e setup (Section 2.2) for which the diameter is reduced to Dl).



Fig. 2. Geometrical model flow chart for a single pincer indicating time-varying and constant input parameters as well as output variables (cross-section radius rðx; hÞ with
0 6 h 6 2p, area AðxÞ, major aðxÞ and minor bðxÞ). Some of the output parameters are illustrated in Fig. 1(b).
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the realization of a pincer is detailed as well as how input param-
eters (pinching effort PðtÞ and pinching position xcðtÞ) relate to
experimental setpoint parameters in order to prescribe the geom-
etry as a function of time.

2.2. Realization

The realization of the setup for two pincers (indicated by sub-
script index i, the subscript is omitted in case a single pincer is
used) is illustrated in Fig. 3. The realization aims to control exper-
imental setpoints defining model input parameters fxcðtÞ; bxc ðtÞg as
well as to give feedback of their actual values as a function of time
t. A duct of internal radius b0 ¼ 12:5 mm (or D ¼ 25 mm), length
L ¼ 171 mm and wall thickness d ¼ 3 mm is considered. The
reduced diameter of the attachment portion of length l ¼ 33 mm
yields Dl ¼ 22 mm.

2.2.1. Pinching effort setpoints and feedback: z direction – fDz;Vzg
A pincer consists of two identical pincer blocks. Rapid prototyp-

ing (Ultimaker 2, 20 lm definition) is used to realize each pincer
block as a rounded rectangular portion (height 23.2 mm and width
65 mm) for which the thickness corresponds to the diameter of the
rounded ending of diameter 6.4 mm. The non-rounded rectangular
edge is mounted to a linear actuator (step motor SMC LEYG16 with
speed Vz < 500 mm/s and accuracy0.02 mm/step) equipped with a
gliding system with maximum stroke maxðDzÞ ¼ 50 mm. Each
actuator is powered (Traco TCL-120) and controlled (SMC lecP6)
independently in order to fully control the displacement of each
actuator and hence pincer block in time (stroke Dz and speed Vz).
The actuator is equipped with an integrated optical encoder
enabling to track its stroke Dz and the sense of its movement along
the z direction. Communication with the controller and the
encoder is done using a multiple input and multiple output data
acquisition card (PC/DAQ, National Instruments NI-PXIe-1073,
NI-PXIe6363, NI-PXI-4330) and connector block (BNC-2090A)
together with LabView (National Instruments).

The positioning of the pincer blocks with respect to the duct
and actuators is depicted in Fig. 3. A single pincer is then composed
of two pincer blocks (actuators) so that their combined maximum
stroke yields 2�maxðDzÞ ¼ 100 mm. The pinching effort PðtÞ at
position xc – or equivalently bxc ðtÞ since P ¼ 1� bxc ðtÞ=b0 holds –
is then controlled by imposing the stroke 2� Dz since both are
related by a constant offset as shown in Fig. 4. The value of the off-
set is determined (see Fig. 4(a)) by imposing steady setpoints
0 < Dz < 50 whose actual value is measured by the encoders. In
addition, a caliper was used to measure 2ðbxc þ dÞ at the outside
of the tube. The correction of 100� 2Dz obtained from the mea-
sured encoder stroke values using a constant offset matches
2ðbxc þ dÞ measured with the caliper. Once the value of the offset
is known (and wall thickness d), gathering of the time-varying
encoder signal informs on the actual speed of variation Vz as well
as on the magnitude of the pinching effort bxc as a function of time
t. This is illustrated in Fig. 4(b). Since wall thickness d is supposed
constant, the ratio of the pinching effort P based on bxc (internal
duct’s minor axis) and the external pinching effort Pext based on
bxc þ d (external duct’s minor axis) is constant as well and yields
P=Pext ¼ 1þ b0=d as shown in Fig. 5 for the case of internal diam-
eter D ¼ 25 mm and wall thickness d ¼ 3 mm.

2.2.2. Pinching position setpoints and feedback: x direction – fDx;Vxg
In order to control the longitudinal x-position of a pincer at each

time instant xcðtÞ each pincher is mounted to a one-dimensional
positioning system (IGUS SHT-12-AWM-500, step motor Sanyo
Denki 103h5208 with accuracy 0.01 mm/step and speed
Vx < 500 steps/s) with maximal stroke of maxðDxÞ ¼ 500 mm and
which is controlled using an Arduino Uno board with motor-
shield. Communication with the Arduino board is done using lab-
View in order to set the extent Dx (0 < Dx < L� l in the case
L� l < maxðDzÞ) of the longitudinal displacement of the pincer as
well as its velocity setpoint Vx < 500 steps/s. The actual speed Vx

is determined as the ratio of the displacement extent and the dura-
tion of the displacement measured with the Arduino board.

3. Characterisation of the setup

3.1. Time-varying pinching effort and position: setpoints versus
feedback

3.1.1. Pinching effort setpoints versus feedback: z direction
The relationship between setpoints and measured pincer Vz

velocities [mm/s] is characterized as a function of the extent of dis-
placement Dz. Fig. 6 compares setpoints and measured Vz veloci-
ties for Dz ¼ 10 mm and Dz ¼ 50 mm (corresponding to the
maximum displacement stroke). Setpoints and measured Vz veloc-
ities match within 10% as the value of the setpoint velocity is
increased from 10 mm/s until the measured velocity saturates.
The setpoint corresponding to saturation decreases with the dis-
placement extent Dz, e.g. up to Vz ’ 250 mm/s for Dz ¼ 10 mm
and up to Vz ’ 350 mm/s for Dz ¼ 50 mm. From Fig. 6 is further
seen that the repeatability is excellent (<5%) except for the most
extreme combination (Dz ¼50 mm and setpoint velocity
Vz ¼ 500 mm/s).

3.1.2. Pinching position setpoints versus feedback: x direction
Given the length of the duct’s deformable portion

(L� l � 135 mm see Fig. 3) in the realized setup longitudinal dis-
placements Dx of the pincers along the x-direction in a range up
to 80 mm were characterized so that no deformation occurs near
the inlet (of the deformable portion) or exit. The relation between
setpoint velocities Vx [steps/s] and measured velocities Vx [mm/s]
is characterized for different displacement extents Dx [mm] as
reported in Fig. 7. Note that shown setpoints of 150, 300, 500
and 700 steps/s correspond to 1.5, 3, 5 and 7 mm/s, respectively
given the resolution of 0.01 mm/step. At first, i.e. as the extent is
increased from zero, measured Vx velocities increases with the
displacement extent Dx until saturation occurs at maxðVxÞ (see left
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side of Fig. 7). For Dx > 20 mm the measured Vx velocity is within
10% of its saturation value regardless of the setpoint velocity
(shaded areas in Fig. 7). The saturation value maxðVxÞ [mm/s]
(for Dx > 20 mm) can be described as quadratic for setpoint
velocities Vx � 500 steps/s and constant (measured velocity
Vx ’ 3:3 mm/s) for setpoint velocities Vx > 500 steps/s. In the
following, experiments are performed for setpoint velocity
Vx ¼ 300 steps/s so that for Dx > 10 mm, the measured speed is
within 10% of its measured saturation value maxðVxÞ ¼ 2:5 mm/s
so that a displacement Dx ¼ 40 mm takes 16 s.

3.2. Noise inherent to the setup

Some noise is generated by the computer controlled
motor-driven variation of pinching effort (along the z-direction)
or pinching position (along the x-direction). Features of the
measured noise (microphone B&K 2669L and preconditioner B&K
5935L, sampling frequency 50,000 Hz) are analyzed in order to
assess the potential impact on acoustic experiments.

Measured SPL level yields 67 dB SPL for a displacement along
z-direction which is of the same order of magnitude as measured
for PC use (68 dB SPL [21]) in the same environment which repre-
sents the reference level of background noise. Measured SPL level
yields 76 dB SPL for a displacement along longitudinal x-direction
which is an increase compared to the reference level, but still lim-
ited compared to the noise associated with typical environmental
noise sources used during aero-acoustic experiments such as the
use of the flow facility (about 90 dB SPL [21]) described in Section 4.
Consequently, the measured noise levels are low compared to
levels expected during aero-acoustic experiments.

Next, spectral noise features are assessed. A typical normalized
power spectrum for a displacement of a pincer along the
z-direction is shown in Fig. 8. Narrow spectral peaks are observed
at 10 kHz and 20 kHz. These peaks characterize spectra associated



(a) steady, constant setpoints Δz

(b) unsteady, time-varying setpoints Δz

Fig. 4. Illustration of relationship between (a) imposed setpoint Dz and resulting
values of 100� 2DðzÞ measured encoder signal, estimated values of 2ðbxc þ dÞ and
validation using a caliper. (b) Measured encoder signal and corresponding values of
speed Vz and 2bxc as a function of time t.

Fig. 5. Pinching efforts for a duct with internal diameter D ¼ 25 mm and wall
thickness d ¼ 3 mm as a function of 100� 2Dz measured by the encoder: (a) P
based on the duct’s internal minor axis bxc as defined in Section 2.1 and Pext based
on the duct’s external minor axis bxc þ d. (b) Ratio of P and Pext .

Fig. 6. Velocity Vz (setpoint [mm/s] and measured [mm/s]) for displacement
extents Dz ¼ 10 mm (I) and Dz ¼ 50 mm (�). Matching (dashed line) and tenden-
cies (full and dash-dot lines).

Fig. 7. Velocity Vx (setpoint [steps/s] and measured [mm/s] as a function of
displacement extents Dx. (Left) For each setpoint velocity the shaded area indicates
the range of the maximum value (horizontal line) plus-minus 10% (maxðVxÞ 	 10%).
(Right) The relationship between setpoint velocities and measured maximum
values maxðVxÞ [mm/s] (I). Matching (dashed line) and tendencies (full line) are
indicated.

Fig. 8. Example of normalized power spectrum [dB] (top) of noise generated during
variation of pinching effort (2bxc [mm]) as a function of time t [s] (bottom).
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with a displacement of a pincer along the x-direction as well. Con-
sequently, the impact of the displacement on the spectral content
is limited to well identified frequencies (10 kHz and 20 kHz).
4. Aero-acoustic facility: experiments without and with flow
supply

In order to illustrate the use of the realized setup for aero-
acoustic studies involving ducts with time-varying geometry
(and hence to illustrate the impact of the setpoint parameters
described in Section 2.2) the setup is mounted to an
aero-acoustic facility as depicted in Fig. 3. As outlined in the intro-
duction, acoustic sources of different nature are encountered in
physiological applications. Therefore, two aero-acoustic facilities
are described in the following allowing experiments without
(acoustic facility, Section 4.1) and with flow supply (flow facility,
Section 4.2). The duct’s exit was fixed in a rigid flat transparent baf-
fle (37 cm � 35 cm and thickness 5 mm, see Fig. 3(c)) positioned
parallel with the duct’s exit (the chosen exit condition is e.g. of
interest to mimic a face when phenomena related to the upper
airway are studied) so that a single exit condition is considered.
Obviously, different exit conditions can be assessed to mimic
different flow nozzles or acoustic radiation conditions. The multi-
ple input and multiple output data acquisition card described in
Section 2.2 is used during all measurements to capture sensor data
or generate signals.
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4.1. Acoustic facility

To perform acoustic experiments without flow, the deformable
duct was attached to an acoustic source facility (sinusoidal and
white noise signals generated by a compression chamber (Monacor
KU-916T) for frequency range from 0.1–4 kHz) by means of a rigid
connecting piece with central communication hole of diameter
2 mm. Acoustic pressure pðtÞ was measured at a fixed position
inside the duct along its centerline (x ¼ �12 mm, z ¼ 0 mm) using
an acoustic probe (UA 9005, diameter 1 mm and length 200 mm)
attached to a microphone (microphone B&K 2669L and pre-
conditioner B&K 5935L). The probe’s position is illustrated in
Fig. 3(c).

4.2. Flow facility

To perform aero-acoustic experiments with flow, the deform-
able duct was attached to a flow facility with settling box. The flow
facility consisted of an air compressor (Atlas Copco GA7 isolated in
a separated room), followed by a pressure regulator (Norgren type
11-818-987) and a manual valve so that the volume flow rate Q
was controlled (4043 TSI). The replica was mounted to an
upstream settling box (0.25 m � 0.3 m � 0.35 m) tapered with
acoustic foam (SE50-AL-ML Elastomeres Solutions) and equipped
with flow straighteners in order to avoid acoustic resonances
(due to the flow facility setup or settling chamber) and to homog-
enize the flow. Downstream the settling chamber, a uniform rigid
Fig. 9. Illustration of acoustic pressure spectrograms as a function of time t for setpoints 0
F1 (�), F2 (�), F3 (+) and F4 (H) are depicted for: (a) xc ¼ �26 mm, (b) xc ¼ �65 mm and
round extension duct of diameter £ ¼ 25 mm (same diameter as
the deformable duct) with streamwise (x-direction) length
Lu ¼ 2 cm is placed followed by a rigid clamping piece with inter-
nal diameter £ ¼ 25 mm and length 1.5 cm to which a rigid round
downstream duct (diameter £ ¼ 25 mm, length Ld ¼ 6 cm) is
attached in order to mount the deformable duct. The clamping
piece contains a stretched membrane (latex sheet of thickness
0.2 mm, Piercan Ltd) which was slit (center cut of 12 mm) so that
air could pass through it. A strong acoustic source is generated due
to fluid–structure interaction when auto-oscillation of the mem-
brane occurs [23]. Additionally, sound is generated aerodynami-
cally downstream of the membrane when air passes through the
duct.

A pressure transducer (Kulite XCS-093) was placed in a fixed
pressure tap (diameter 0.4 mm) immediately upstream from the
membrane in order to measure the upstream pressure PuðtÞ. The
pressure downstream from the membrane inside the deformable
duct PdðtÞ is measured by placing a pressure sensor into a pressure
tap (diameter 0.4 mm) which can be pinned in the duct’s wall. Con-
cretely, the pin is placed at x ¼ �65 mm as shown in Fig. 3(d).
5. Experimental evidence for influence of pinching

Experiments are performed in order to illustrate the influence
of the pinching by considering fP;Vz; xc;Vxg describing the time-
varying geometry of the deformable portion of the duct. In the
6 P 6 97% and Vz 2 f10; 200gmm/s for different pinching positions xc . Resonances
(c) xc ¼ �105 mm.
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following, typical examples are given for the setup (Fig. 3)
mounted to the acoustic facility (Section 5.1) and to the flow facil-
ity (Section 5.2), respectively.
Fig. 11. Illustration of acoustic pressure spectrograms as a function of time t for
setpoints 0 6 P 6 97% and Vz ¼ 50 mm/s for pinching efforts imposed at two
pinching positions simultaneously, i.e. xc;1 and xc;2 as depicted in Fig. 3. Resonances
F1 (�), F2 (�), F3 (+) and F4 (H) are depicted for: (a) xc;1 ¼ �26 mm and
xc;2 ¼ �105 mm and (b) xc;1 ¼ �70 mm and xc;2 ¼ �105 mm.
5.1. Acoustic facility: influence of P;Vz; xc and Vx

White noise excitation is applied at the inlet of the deformable
tube using the acoustic facility described in Section 4.1 in order to
investigate the impact of the different setpoints on acoustic duct
resonances [9,10,17] by considering the spectrogram of the acous-
tic pressure pðtÞ. Resonances are manually checked as well as
extracted applying established signal processing techniques based
on linear predictive coding [9,10,17].

Fig. 9 illustrates characteristic spectrograms for a variation of
the pinching effort (0 6 P 6 97%) at different rates
(Vz 2 f10; 200gmm/s) and at different pinching positions
(xc 2 f�26; �65; �105gmm). For pinching efforts P < 50% spectra
are determined by odd multiples of the first resonance at
F1 � 475 Hz as expected for a half open duct regardless of pinching
position xc [17,4]. For pinching efforts P > 50% resonances shift as
a function of the pinching effort P. Moreover, the shift depends on
the pinching position xc as well. Indeed from Fig. 9 is seen that
increasing the pinching effort from P ¼ 0% to P ¼ 97% increases
resonance F3 for xc ¼ �105 mm (F3 � 2700 Hz) and for
xc ¼ �26 mm (F3 � 2450 Hz) whereas the resonance decreases
for xc ¼ �65 mm (F3 � 1900 Hz). In general, it is observed that
the resonance frequency shift is larger for F2 and F3 than for F1

and F4. The impact of the rate of variation of the pinching effort
Vz is marginal, so that as a first approximation the variation of
pinching effort P can be considered quasi-steady. Note however,
that the performance of the automated resonance detection algo-
rithm deteriorates as the duration of the transient time associated
with P variation decreases, i.e. as Vz increases, as well as when res-
onance values become close (e.g. detection of F2 fails forP ¼ 97% at
xc ¼ �65 mm and Vz ¼ 200 mm/s as seen in Fig. 9).

Fig. 10 further highlights the influence of varying pinching posi-
tion �105 6 xc 6 �25 mm for a constant pinching effort (P set to
Fig. 10. Illustration of acoustic pressure spectrograms as a function of pinching position �
F4 (H) are depicted for: a) constant pinching effort P ¼ 57% (left) and P ¼ 97% (right) a
57% and 97%, respectively in Fig. 10(a)) as well as for a variation
of pinching effort (0 6 P 6 97% in Fig. 10(b)). It is seen from
Fig. 10(b) (right) that resonance frequencies (in particular F2 and
105 6 xc 6 �25 mm at velocity Vx ¼ 2:5 mm/s. Resonances F1 (�), F2 (�), F3 (+) and
nd b) varying pinching effort in the range 0 6 P 6 97% at velocity Vz ¼ 50 mm/s.



Fig. 13. Illustration of normalized amplitude P [dB] and phase U [rad] of acoustic
pressure pðtÞ as a function of pinching effort 0 6 P 6 97% and Vz ¼ 50 mm/s. (a)
f 0 < 4 kHz at pinching position xc ¼ �70 mm and (b) f 0 ¼ 2200 Hz at pinching
positions �105 6 xc 6 �26 mm.
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F3) are very sensitive to variation of both pinching position and
pinching effort in the range 0 6 P 6 97%.

Fig. 11 shows that for rapid variation of the pinching effort P at
one pinching position (xc;2 ¼ �105 mm in Fig. 11) the resonance
frequencies can be tuned also by imposing a pinching effort at a
second pinching position (xc;1 ¼ �26 mm and xc;1 ¼ �105 mm in
Fig. 11). Indeed, from Fig. 11 is easily observed that e.g. the fre-
quency spacing between F3 and F4 is enlarged when the additional
pincer is positioned at xc;1 ¼ �70 mm compared to position
xc;1 ¼ �26 mm.

The duct’s response to white noise excitation shows that several
strategies can be applied to vary acoustic duct resonances by vary-
ing pinching position and pinching degree for a single pincher as
well as by using two pinchers. The duct’s response to a particular
frequency using a sinusoidal excitation signal with known fre-
quency is illustrated for f 0 ¼ 3250 Hz at pinching position
xc ¼ �26 mm and f 0 ¼ 1650 Hz at pinching position
xc ¼ �70 mm in Fig. 12. The repetition of the variation of pinching
degree in the range 0 6 P 6 97%, increasing as well as decreasing,
is observed not to alter the associated magnitude and pressure of
the measured acoustic pressure. The frequency response is further
illustrated in Fig. 13. The magnitude and phase of the acoustic
pressure as a function of pinching effort P are compared for differ-
ent frequencies (f 0 < 4 kHz) at pinching position (xc ¼ �70 Hz) in
Fig. 13(a). It is seen that a pronounced maximum in acoustic
pressure occurs for 2200 Hz at pinching degree P � 65% and for
3250 Hz at a large pinching effort P � 90% and the phase varies
in accordance. For lower frequencies (f 0 ¼ 1075 Hz and
f 0 � 1650 Hz) the magnitude and phase is rather flat so that their
values are almost not affected by the tube’s geometry, i.e. pinching
effort P. To further illustrate the impact of the tube’s geometry on
the magnitude and phase of the acoustic pressure, Fig. 13(b) illus-
trates their values when besides the pinching effort (0 6 P 6 95%)
also the pinching position (�105 6 xc 6 �26 mm) is changed while
the sinusoidal excitation frequency (f 0 ¼ 2200 Hz) is held constant.
The position of the maximum magnitude response is observed to
shift with the pinching position.
5.2. Flow facility: influence of P and xc

Experiments using the flow facility are illustrated in Fig. 14 for
different pinching efforts applied at two pinching positions
Fig. 12. Illustration of normalized amplitude P [dB] and phase U [rad] of acoustic p
Vz ¼ 50 mm/s. The magnitude and phase are expressed as a function of pinching effort a
xc;1 ¼ �93 mm and xc;2 ¼ �26 mm, respectively. For a uniform tube
(P ¼ 0 in Fig. 14(a) (left)) increasing upstream pressure Pu induces
auto-oscillation of the membrane and subsequent decreasing the
upstream pressure ceases oscillation. During auto-oscillation the
spectrogram of the pressure within the tube Pd exhibits a harmonic
contents which is determined by the oscillation frequency of the
membrane. Depending on the pinching position, auto-oscillation
of the membrane either stops or continues, as observed when com-
paring pressure signals at xc ¼ �26 mm for which oscillation stops
(Fig. 14(b) (left)) and xc ¼ �93 mm for which oscillation continues
(Fig. 14(b) (right)). Besides determining the onset and offset of the
oscillation, the pinching position also alters the spectral content
(see Fig. 14(b) (right)) by altering the oscillation frequency and
ressure pðtÞ as a function of time t [s] for repeated setpoints 0 6 P 6 97% and
s well: (a) xc ¼ �26 mm and f 0 ¼ 3250 Hz and (b) xc ¼ �70 mm and f 0 ¼ 1650 Hz.



Fig. 14. Illustration of air pressure measured upstream from the membrane Pu [Pa] and within the tube Pd [Pa] and associated spectrogram of Pd [dB] as a function of time t [s]
for different combinations of pinching efforts P at pinching position xc;1 ¼ �93 mm and xc;2 ¼ �26 mm, respectively.
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the amplitude of the harmonics. This is further illustrated by
applying pinching at both xc;1 ¼ �93 mm and xc;2 ¼ �26 mm
(Fig. 14(a) (right)). Indeed, the value of the oscillation frequency
and associated harmonics increases as the pinching effort is
increased at xc ¼ �93 mm whereas oscillation stops when the
pinching effort is increased at xc ¼ �26 mm. Consequently, varying
the pinching position and effort provides a strategy to alter
observed oscillation features.
6. Discussion and conclusion

A setup is presented for which the setpoints (fDx;Vx;Dz;Vzg)
allow to control the variation of pinching positions (xcðtÞ) and
efforts (PðtÞ) along a deformable tube pinched between two paral-
lel bars. Using these input parameters ðxc;PÞ, the varying tube’s
geometry can be accurately estimated using a quasi-analytical geo-
metrical model [20]. Since the geometry can be estimated as a
function of time-varying setpoints of the control parameters, mea-
surements using the setup can be used to characterize phenomena
as well as to compare experimental observations with data
obtained from numerical simulations. In addition, the limited
number of input parameters – both experimentally as required
for the quasi-analytical geometrical model – encourage compar-
ison of experimental observations with analytical model results
as well. Moreover, when aiming physiological applications the cho-
sen set of input parameters is particularly interesting since they
have not only a clear physiological meaning (constriction degree,
duration, position), but their order of magnitude can be deter-
mined on human subjects either using expensive imaging tech-
niques such as Magnetic Resonance Imaging (MRI) scans or X-ray
computed tomography (CT) scans or yet relying on alternative
measurement techniques such as pressure-flow measurements in
case the upper airway geometry is of interest [24,11]. Moreover,
it is noted that the use of a deformable tube and external pinching
mechanisms avoids sharp edges. This feature might be of particular
importance in order to avoid spurious aero-acoustic data since
sharp edges are likely to cause unintended flow (i.e. flow separa-
tion or vortex shedding) and acoustic (e.g. sound generation and
radiation) phenomena. Finally, it is noted that different geometri-
cal features of the deformed portion, such as cross-section shape
or extent, can be assessed by mounting pincer blocks with a differ-
ent shape whereas the setup can be extended to involve more than
two pincers if needed.

Examples of data obtained by mounting the setup equipped
with two pincers to an aero-acoustic facility are shown. It was
observed that varying pinching effort P and pinching position xc
alters the tube’s acoustic resonances (acoustic facility) as well as
the ongoing fluid–structure interaction (flow facility). A striking
example of the influence of the constriction position xc is provided
by the shown experiments using the flow facility where for the
same pinching effort P � 97% the oscillation of the membrane is
observed to be either inhibited (xc ¼ �26 mm) or to continue with
a shifted oscillation frequency and altered spectral contents
(xc ¼ �93 mm). In addition, examples of data using the acoustic
facility show that different strategies can be used to vary the tube’s
resonances (F2 and F3 in particular). Consequently, the setup
allows an accurate validation of experimental findings as a func-
tion of constant as well as time-varying tube’s geometry’s. There-
fore, the current setup allows to study transient phenomena
associated with variation of setpoints as well as with the variation
of other control parameters used in the aero-acoustic facility such
as the imposed upstream pressure when the flow facility is used. In
addition, control strategies of acoustic resonances and auto-
oscillation frequencies can be developed using the proposed setup.

Characterization of the current setup shows that the pinching
effort can be accurately varied in the range 0 6 P 6 100% at a
speed limited by its saturation value so that Vz < 300 mm/s. The
same way the pinching position can be varied along the deform-
able portion �Lþ l < xc < 0 whereas the speed of variation of the
pinching position is again limited by its saturation value so that
Vx < 3:5 mm/s. Therefore, it is evident that for applications need-
ing a more rapid variation of either pinching effort (Vz) or pinching
position (Vx) the setup can be improved in order to avoid or
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increase values for which saturation occurs. In addition, a flat baffle
was used as an exit condition in the current setup, it is clear that
the impact of different exit conditions can be assessed as well as
the impact of the tube length L.
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