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Abstract – This paper describes an experimental measurement setup for the characterization of single-reed
mouthpiece interaction under quasi-static conditions. Measurement leads to the estimation of the nonlinear
characteristics, establishing the relation between pressure drop across the reed channel and the jet cross-section.
Measurements with various lip forces show that the resultant nonlinear characteristics can be described by a
single nonlinear characteristic linking the generalized pressure and the jet cross-section. This generalized
pressure is the sum of the pressure drop and the lip pressure, defined as the lip force divided by an equivalent
lip surface determined for each reed. The nonlinear characteristic is then modeled as a function depending on
three parameters: the opening at rest, the linear stiffness for low pressures, and the “elbow pressure,” which
allows to make the link between the two affine parts of the function. The characterization of 24 tenor saxophone
reeds shows that the model fits the experimental characteristics with an inaccuracy that can be considered as a
supplementary parameter for the reed. Finally, the reeds can be characterized with with only five parameters,
the inaccuracy, the lip equivalent surface and the three parameters of the nonlinear model. First results suggest
that equivalent lip surface and inaccuracy depends on the reed type while reed opening at rest and linear
stiffness depends on the reed.
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List of symbols

Latin

Ar Reed equivalent surface (m2)
C Reed aerostatic compliance (m4 N�1)
Cm Reed mechanical compliance (m2 N�1)
F Lip force (depending on pressure drop �p

for a constant lip force F0) (N)
F0 Static lip force (F = F0 for �p = 0) (N)
Fg Generalized lip force (N)
h Reed channel height (m)
p Mouthpiece pressure (Pa)
Pe Elbow pressure (Pa)
Pm Mouth pressure (Pa)
PM Static reed closure pressure (Pa)
S Effective jet cross-section (m2)
Sd Section of the measurement diaphragm (m2)

Sf Front reed channel opening section (m2)
Sr Section of the reference diaphragms (m2)
S00 Effective reed channel opening section for

F = 0 and �p = 0 (m2)
U Volume flow entering the resonator

(m3 s�1)
Uc Volume flow in the reed channel (m3 s�1)
w Reed channel width (m)
xL Lip position along reed main axis (m)
yL Lip position along reed transverse axis (m)
Z Resonator impedance (kg m�4 s�1)

Greek

�p = Pm – p Pressure drop across the reed channel (Pa)
�pg Generalized pressure drop across the reed

channel (Pa)
�pU Pressure drop across the volume velocity

sensor (Pa)
q Air density (kg m�3)*Corresponding author: bruno.gazengel@univ-lemans.fr
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1 Introduction

The reed is a crucial part of reed wind instruments and
is often a major concern for musicians. It can influence the
ease of playing, timbre, stability of intonation, the ability to
play a particular note pianissimo or fortissimo, etc. Thus,
the musician expects a wide range of qualities which are
not always met. For single reeds, the musician usually does
not intervene in its manufacture. When buying reeds, musi-
cians can choose the material (cane, synthetic such as car-
bon fiber, polymer, . . .), the brand, the cut (i.e. the
geometrical shape) and the strength.

Different cuts are made for reeds used in jazz or classical
music [1, 2]. According to a reed manufacturer [1], these
cuts allow for the playing of reeds on various perceptual
indicators, such as timbre (bright-dark) and flexibility
(flexible-resistant). The strength is correlated more or less
to the stiffness of the reed considered as a spring. It is
chosen by musicians as a function of the mouthpiece tip
opening and can be adjusted using a knife to reduce the
equivalent stiffness (which modifies the cut). In the simplest
model of reed instruments, the reed mouthpiece system is a
valve whose cross-section is modified by the reed as a func-
tion of the pressure drop (between the mouth and the
mouthpiece), the lip force being usually ignored and consid-
ered as a constant. In this approach, the exciter (mouth-
piece, reed, lip) is modeled by two parameters: the reed
stiffness and the reed opening given for a specific lip force
in the absence of mouth pressure. It has been demonstrated
that the first parameter can be linked to the global feeling of
ease of playing [3]. In the absence of lip force and mouth
pressure, the opening at rest of the reed seems to be related
to the intonation and reed strength, according to results
obtained by Taillard [4] with a single clarinet player. These
two parameters (stiffness, opening at rest) are not sufficient
to predict the influence of the reed on other playing proper-
ties. So, there is a need of a more detailed characterization
in order to estimate other parameters. However, the mea-
surement of reed characteristics remains a difficult task.

First, reeds are complex systems which evolve during
time as shown by Kemp [5]. Second, reeds show viscoelastic
behavior [6]. Third, when reeds are played, they become
more and more wet until they saturate. The amount of
the water-soluble extractives decreases as shown by
Obataya and Norimoto [7] and Bucur [8] so that the reeds
characteristics are modified. At the end, the experimental
characterization of reeds is a complex problem and compro-
mises need to be done to set up a measurement method.
Manufacturers choose to characterize them dry and before
any use by the musician that could modify their mechanical
or chemical properties.

Now, when characterizing a reed, different strategies
can be chosen. Characterizing the material of the reed in
terms of density, elastic properties and damping is one
approach, but the link with the final product is far from
being straightforward [9]. Another possibility is to measure
reed vibrations properties on a specific test rig. This has
been done by several authors such as Pinard et al. [10]
and Stetson [11] who used optical holography to study

the reed modes under acoustic excitation. They concluded
that the existence and the symmetry of the first torsional
mode may be an indicator of the reed quality (good or
bad). However, Petiot et al. [12], when studying the per-
ceived quality of 20 reeds with 10 saxophone players showed
that the disagreement between the assessors for the descrip-
tor “reed quality” is the highest among studied descriptors
such as softness and brightness. As a matter of fact, it is dif-
ficult to conclude about reed global quality. Gazengel et al.
[3] measured the static stiffness and the vibroacoustic
response of 200 reeds. They shown that the static and
dynamic compliance are related to the ease of playing but
that it is difficult to make the link between physical mea-
surements and other subjective descriptors. Finally, these
results indicate that it is difficult to establish a strong cor-
relation between physical parameters and musicians’ sub-
jective assessments. This is probably due to the fact that
the interaction between the reed and the mouthpiece is
ignored.

Another technique is to measure the exciter. This can be
done in quasi-static regime measuring the reed opening and
the volume velocity entering the reed channel [4, 13, 14]. A
goal of the various quasi-static regime studies is to compare
the exciter’s nonlinear characteristic with some theoretical
models. Most authors show that the crude model in which
the reed behaves like a linear spring until the reed channel
closes is valid in a large range [13, 14]. At the opposite, some
authors propose models with more or less parameters to
describe the nonlinear transition between bending and clos-
ing [4, 15].

In the literature, reed opening at zero pressure is usually
considered as a fixed parameter (chapter 9 in the work of
Chaigne and Kergomard [16]). This is somewhat artificial
since the player modifies the reed channel opening by apply-
ing simultaneously a pressure in the mouth and a force on
the reed with the lip. Then, it seems more relevant to con-
sider the reed channel opening as a function of both lip force
and pressure drop. However, in all these studies, lip force
was not measured.

The purpose of this work is first to design a test rig that
allows for the measurement of the effective jet cross-section
as a function of both mouth pressure and lip force. The
combined effect of lip force and pressure drop is represented
as a “generalized pressure”, which is the sum of DC pressure
drop and lip pressure. Lip pressure is defined as the ratio of
lip force to an equivalent lip surface that can be calculated
for a given lip geometry and lip displacement from the reed
tip. At the end the test rig enables the measurement of the
“generalized characteristic” of the reed which is the effective
air jet cross-section represented as a function of the “gener-
alized pressure”.

Second, the goal is to extract a few significant physical
factors from the “generalized characteristics” in order to
demonstrate differences between reeds of different types in
terms of cut and strength (rated reed number).

Section 2 presents the physical model of the reed-
lip-mouthpiece system and the concept of “generalized pres-
sure”. Section 3 presents the experimental system. Section 4
explains how the characteristics of the mouthpiece with
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mounted reed are deduced from the physical measurements.
It also shows how the equivalent lip area can be estimated
from characteristics obtained for various lip forces leading
to a single global characteristic. The parameters of the pro-
posed model are also deduced from the global characteris-
tics. In Section 5, the validity of the model is discussed by
comparing the model and the measured characteristics.
The robustness of the test rig is also assessed by estimating
the repeatability of the equivalent parameters.

2 Models and generalized pressure
2.1 Usual model of the instrument

A single reed instrument consists of two basic parts: the
mouthpiece with mounted reed and the instrument body.
The body of the instrument completed by the mouthpiece
volume is considered as the acoustic resonator. It can be
characterized in the frequency domain by its input impe-
dance ZðxÞ ¼ pðxÞ

U rðxÞ, where p represents pressure in the
mouthpiece and Ur represents volume velocity at the res-
onator’s input. The set of reed, mouthpiece and lip is con-
sidered as the exciter. The volume velocity at the input of
the exciter Uc, through the reed channel, is generally
described by the Bernoulli equation

UcðtÞ ¼ SðtÞ � sign½�pðtÞ� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2j�pðtÞj

q

s
; ð1Þ

with S(t) the air jet effective cross-section, �p(t) =
Pm � p(t) the pressure drop between mouth and mouth-
piece (Pm pressure in the mouth, p pressure in the mouth-
piece) and q the air density considered as constant (see
Fig. 1). This model assumes that the blowing pressure is
varying slowly, that the pressure drop at the mouthpiece
inlet is such that the flow separates from the wall at the
end of the reed channel, forming a free jet into the mouth-
piece as shown by Hirschberg et al. [17] and confirmed
experimentally by Dalmont et al. [14].

S(t) depends on both pressure drop �p and lip force F
and can also be influenced by lip and reed inertia and damp-
ing [15, 18]. It is usually written as S(t) = Sf(t), where Sf is
the front section shown in Figure 1b in red hatching and
defined by Sf = w � h(t) where w is the width of the reed
and h(t) is the reed tip opening.

Usually models in literature consider a constant lip
force F and express the effective cross-section S as a func-
tion of �p only. Some of them, for example Colinot et al.
[19], assume an affine relation S(�p) for low values of �p.
In order to improve the model some authors introduce the
effect of inertia and damping or take into account the
collision of the reed on the mouthpiece [19, 20]. Some
authors, as Van Walstijn and Avanzini [21], prefer to intro-
duce a nonlinear function S(�p) instead of considering the
dynamic effects. Finally, Muñoz Arancón et al. [22] and
Taillard [4] consider a nonlinear stiffness and keep damp-
ing and inertia values constant for modeling the reed
behavior.

However the effective jet cross-section S(t) is different
from the front section Sf. Indeed, air can enter through
the lateral cross-section (shown in Fig. 1a in red hatching)
as discussed e.g. by Yoshinaga et al. [23] or Taillard [4].
Also effective jet cross-section may differ from the front reed
channel section because of vena contracta described by the
contraction coefficient. This phenomenon has been numeri-
cally studied by Da Silva et al. [24] and experimentally by
Dalmont et al. [14] using an optical measurement of the
reed opening in parallel with an estimation of the volume
velocity entering the resonator or by Lorenzini and Ragni
[25] using Particle Image Velocimetry. Using experimental
data gathered by Valkering [26], Chatziioannou [27] pro-
posed a model to estimate the air-jet effective section S as
a function of the front section Sf and side opening surfaces.

In the present study, S(t) is supposed to depend on both
pressure drop �p and lip force F. We assume a quasi static
behavior of the reed which enables to neglect damping and
inertial effects despite they may have indirectly a large
influence on the spectrum.

Figure 1. Diagram of the exciter and involved physical quantities. The red hatching represents the geometric opening section
(different from S(t)) in the front (view (b)) and on the sides (view (a)).
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2.2 Generalized mouth pressure

As previously stated, the player’s action is enabled by
the mouth pressure Pm and the lip force F, which fluctuate
much more slowly than the oscillations. The same reduction
of the reed channel can be obtained by increasing the
mouth pressure or the lip force. So it is reasonable to
assume that both effects can be added so that a small vari-
ation dS of the air jet effective cross-section S can be written

dS ¼ Cd�p þ CmdF ¼ Cðd�p þ dF =ArÞ ¼ Cd�pg; ð2Þ

where d�p is a small variation of the pressure, dF is a
small variation of the lip force, C(S) = oS/o�p
(m2Pa�1) is the aerostatic compliance, Cm(S) = oS/oF
(m2N�1) is the mechanical compliance. The ratio of these
two quantities is a surface Ar(S) = C/Cm. �pg is called
the generalized pressure drop which takes into account
the lip pressure F

Ar
and is written �pg = �p + F/Ar. Note

that we could as well have defined a generalized force Fg =
Ar�p + F leading to �s = CmdFg.

Obviously, S(F) and S(�p) can be nonlinear functions
so that Ar is a priori not a constant and might depend on
S. However, results obtained by Taillard [4] suggests that
Ar can reasonably be considered independent of S. In that
case, the function of two variables S = f(�p, F) reduces
to a function of only one variable S = g(�pg). Ar can be
found by rotating the space (�p, F, S) around vertical axis
(S axis) in order to get a single curve. An example of an
experimental result is shown in Figure 2a which shows sec-
tion S as a function of �p and F. The same result is repre-
sented in Figure 2b after optimal rotation leading to the
estimation of surface Ar as described in Section 4.4. In what
follows, this hypothesis is discussed with regard to experi-
ments. It should be noted that the surface Ar might be, if
constant, an intrinsic characteristic of each reed.

2.3 Nonlinear models of channel cross-section
variations

Experiments reported in the literature show that when
the reed is submitted to a small pressure difference �p,

the variation of the jet cross-section is a linear function of
�p [14], which enable to generalize as

S ¼ S00 � C�pg; ð3Þ

where S00 is the cross-section at rest i.e. without lip force
or pressure and C is the aerostatic reed compliance for low
�pg. The theoretical closing pressure is then given by
PM ¼ S00

C .
For high values of the generalized pressure �pg, the

variation of the opening cross-section starts to be a nonlin-
ear function of �pg [21, 28].

Different models have been proposed in the literature
[15, 22]. In these references, the model uses two parameters
to model the bending of the reed on the mouthpiece rails.

In the present paper, we propose a simpler model which
adds only one parameter for the non-linearity (half of the
pressure interval on which the reed bending occurs), called
elbow pressure Pe. The nonlinear part is modeled as a
parabola centered on the theoretical closing pressure
PM ¼ S00

C . Writing a ¼ P e
PM
, the relative jet section shown in

Figure 3 is written

S
S00

¼
1� x; if x < 1� a;
1
4a ðx� 1� aÞ2; if 1� a < x < 1þ a;

0; if x > 1þ a;

8><
>: ð4Þ

with x ¼ �pg
pM

. Notice that with this model, the first deriva-

tive of S(�pg) is also continuous. Notice also that the
actual “closing” pressure is PM + Pe.

3 Materials

The experimental system is divided into two parts, the
exciter (reed, mouthpiece, artificial lip) and the load. The
load can be either a cylindrical duct as described by Muñoz
Arancón et al. [29] or a diaphragm, as shown in Figure 4. As
this system is designed in order to compare easily many
reeds, the exciter is placed in open air and a negative

Figure 2. (a) Measured reed channel section S as a function of pressure drop �p and lip force F. (b) Measured reed channel section S
as a function of pressure drop �p and lip force F after rotation around S axis (vertical axis).
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pressure ��p is created in the mouthpiece as proposed by
Muñoz Arancón et al. [29]. The laboratory is the “mouth” in
this experiment but we still define the “mouth pressure” as
Pm = Patm � <p>, where Patm is the atmospheric pressure
and <p> the mean pressure in the mouthpiece.

3.1 Exciter

The exciter comprises a Tenor saxophone mouthpiece
(Vandoren TL5 optimum, tip opening 2.05mm, table length
23 mm) clamped on a plate and connected to the load. The
artificial lip is made of silicone rubber (CopsilGES-30,
dimensions 30 mm � 10 mm � 10 mm) vacuum-molded.
The lip is glued on a 3mm cylindrical bar (see Fig. 4) playing
the role of the musician’s teeth which, as observed experi-
mentally, enables to reduce considerably the damping com-
pared to the case where the lip is directly glued on a metallic
plate. Moreover this enables the lip to rotate a little around
the bar so that the lip angular position adapts better to the
reed. The position of the lip is controlled by two axial
micrometer screws in the frame (xL, yL) defined in the left
of Figure 4 (see zoom). The origin of the lip is defined by
positioning the edge of the lip at the top of the mouthpiece
as shown on the right side of Figure 4. The uncertainty in
the lip origin is estimated to be ±0.1 mm. The positioning
of the reeds on the mouthpiece along xL axis is done with
amechanical wedge enabling to get a repeatable position rel-
ative to the mouthpiece tip. Finally a Vandoren optimum
ligature is used in order to clamp the reed on the mouth-
piece. The ligature position is defined by the line engraved
on the mouthpiece and its position accuracy is estimated
to be ±0.1 mm.

3.2 Load

Dynamic measurements
In this configuration, the exciter is connected to a cylin-

drical duct in order to produce self-sustained oscillations as
described in the Figure 1 of Muñoz Arancón et al. [29]. The
duct is connected to a volume V which is linked to a vac-
uum cleaner used to create the under pressure. The role
of this volume is to impose a zero pressure value at the
end of the resonator (duct) for the resonance frequencies
of the instrument, uncoupling the impedance of the res-
onator and the aspirating source and reproducing free-field
radiation. The pressure Pm is controlled thanks to a valve
which enables to control manually the ratio of air aspirated
from the up-stream part.

The total length of the resonator (duct + adaptation
piece + mouthpiece) is 50 cm with a inner diameter of 16
mm. The diameter of the volume is 25 cm and its length
is 25 cm in order to be tuned to the resonator equivalent
length as discussed by Muñoz Arancón et al. [29]. Consider-
ing different lip positions xL and supply pressures Pm

(controlled manually thanks to the valve), it is possible to
produce self-sustained oscillations synchronized with the
first mode of the resonator at a playing frequency around
172 Hz.

Quasi-static measurements
In the quasi static configuration, the exciter is connected

to a diaphragm as shown in Figure 4. The diaphragm
(diameter 3 mm):

� increases the threshold pressure such that no oscilla-
tion appear as described in [14],

� enables to estimate the volume velocity entering in the
exciter thanks to a differential pressure sensor as
described below,

� is terminated by a volume V (12.3 L) which plays the
role of a buffer volume increasing the constant time of
the whole system.

3.3 Sensors

Description
Three differential pressure sensors Endevco 8507-C5

with a maximum pressure of 34474 Pa (5 PSI) are used.
The sensor mounted in the mouthpiece enables to measure
the differential pressure ��p. The pressure sensors
installed on either side of the diaphragm enable to measure
the differential pressure �pU = p1 � p2. All sensors allow a
measurement in static and dynamic conditions for a wide
frequency range (<50 kHz according to the data-sheet). A
force sensor Omega Engineering Inc. LCM703-5, maximum
force 5 N is mounted between the artificial lip and the
system supporting the lip.

Sensors are connected to a PicoScope� data acquisition
board, which is controlled by the Python software. The
sampling frequency used is 50 kHz for dynamic measure-
ments and 1000 Hz for quasi-static measurements.

Figure 3. Theoretical nonlinear reed characteristic S(�pg)/S00
(straight blue line). S00 is the opening cross-section at rest
(without lip force), PM is the closing pressure. Red circles
indicate the limits of the parabolic part which occurs between
PM � Pe and PM + Pe. Blue dotted line indicate the linear part
of the characteristics. In this example a ¼ Pe

PM
¼ 1=2.
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Calibration
The pressure sensor installed in the mouthpiece is cali-

brated using a U tube manometer filled with water. The
uncertainty in the sensitivity is estimated to be ±0.3%.
For quasi static measurements, the sensitivity of sensors
placed in the flow sensor are estimated thanks to a relative
calibration as follow: for each measurement, the calibration
is performed when the reed is closed after creating a nega-
tive pressure in the whole system (mouthpiece + diaphragm
+ volume). In this case, the pressure is assumed to be iden-
tical for the three sensors (mouthpiece, sensors mounted
apart from the diaphragm). This enables to deduce the sen-
sitivities of two sensors mounted apart from the diaphragm
knowing the sensitivity of the pressure sensor installed in
the mouthpiece. The force sensor sensitivity is measured
using different masses with an uncertainty of ±0.3%.
Finally, the equivalent section of the diaphragm Sd is esti-
mated by measuring the volume flow passing through the
diaphragm during a given time thanks to a gas volume flow
meter and by estimating the velocity thanks to the differen-
tial pressure �pU (Bernoulli equation). The uncertainty in
the diaphragm diameter is estimated to be ±2%.

4 Measurement method

This section presents the measurement procedure of the
generalized characteristics S(�pg) and the estimation of the
parameters of the model (Eq. (4)).

4.1 General principle

Once the reed is mounted on the mouthpiece with a
given lip position (xL, yL), the different characteristics of
the reed S(�p) are estimated for different static lip force
values F0 (obtained with different lip positions yL) in order
to get the generalized characteristics. A minimum of two
force values is required to estimate the generalized pressure.
S(�p) is deduced from S(t) using the pressure signals �p(t)
and �pU(t) as follow. The flow through the diaphragm is
Ud = Sdvd where Sd is the effective cross-sectional area of
the diaphragm estimated during calibration of the flow sen-
sor (Sect. 3.3) and vd is the mean velocity of the fluid in the
diaphragm estimated using Bernoulli’s equation. The flow
rate through the diaphragm is therefore written as

UdðtÞ ¼ Sd � sign½�pU ðtÞ� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2j�pUðtÞj

q

s
; ð5Þ

where q is the air density. Since the flow through the dia-
phragm Ud is considered to be equal to the flow Uc enter-
ing the reed-table channel (incompressible fluid
assumption), the jet section can be expressed as

SðtÞ ¼ Sd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�pU ðtÞj
j�pðtÞj

s
: ð6Þ

The relative uncertainty in the estimation of S(t) obtained
thanks to the error propagation method can be written

Figure 4. Experimental system used for measuring the exciter characteristics in quasi-static conditions.
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uS
S

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uSd
Sd

� �2

þ 1
4

upU
j�pUðtÞj

� �2

þ up
j�pðtÞj

� �2
" #vuut ; ð7Þ

with uSd the absolute uncertainty in the diaphragm area,
upU and up the absolute uncertainties in �pU and �p,
respectively. Assuming that the additive noise on the
pressure signals is Gaussian, the uncertainty up is written
up = 2rp, where rp is the standard deviation of the

pressure signal �p(t). The uncertainty upU is given by
upU = 2rpU, where rpU is the standard deviation of
�pU(t).

The effective air-jet section S(t) is calculated when the
condition uS

S < ermax is verified, ermax being the maximum
relative acceptable error. This means that S(t) is derived
from pressure signals �pU(t) and �pU(t) for time segments
that satisfy

IðtÞ > 2rp

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2rmax �

uSd
Sd

� �2
r ; ð8Þ

where the indicator I(t) presented in Figure 8 is written

IðtÞ ¼ j�pU ðtÞjj�pðtÞjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�pU ðtÞj2 þ A � j�pðtÞj2

q ; ð9Þ

Figure 8. Indicator obtained thanks to equation (8). The
minimum value of the indicator (threshold) is given as the
straight horizontal line.

Figure 5. Experiment used in order to assess the performances
of the test rig with a reference chamfered diaphram of diameter
D.

Figure 6. Effective jet sections S calculated thanks to equa-
tion (6) as a function of the reference sections Sr (known from
manufacturing).

Figure 7. Pressure drop signal in the flow sensor �pU(t) for
different lip forces at rest F0.
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with A ¼ u2
pU

u2
p

.

In order to reduce the variance in the pressure signals,
especially u2pU , the signals are low pass filtered using a
cut-off frequency Fc = 5 Hz.

4.2 Assessment of the measurement accuracy

To examine the test rig’s effectiveness, a reference cham-
fered diaphragm replaces the mouthpiece-mounted reed
mechanism (see Fig. 5). The reference diaphragm’s diame-
ter is known (due to its manufacturing) and provides the
reference section Sr.

The experiment proceeds as follows: the acquisition
begins and signals �p(t), �pU(t) are measured. Upon acti-
vation of the vacuum cleaner, the reference diaphragm is
sealed manually using a sealing paste. The valve linking
the vacuum cleaner and the system is then closed, followed
by stopping the vacuum cleaner. The reference diaphragm
is reopened by manually removing the paste, leading to
the equalization of pressures.

The experiment is then repeated with six reference
diaphragms of varying diameters, each being measured
ten times. Equation (6) estimates the effective jet section
of each reference diaphragm based on observed signals
picked in time slots defined by equation (9) with ermax =
5% and

uSd
Sd

¼ 2%.
Figure 6 depicts the effective jet section S estimated

thanks to equation (6) for the six reference diaphragms
(mean value of 10 measurements) as a function of the refer-
ence section Sr (known from manufacturing). These findings
show that the technique can estimate the jet section with
great repeatability and that this effective jet cross-section
is smaller than the reference section for high section values
(>10 mm2). Moreover, a leakage section has been estimated
to be 0.2 mm2.

Given that the greatest value of the estimated jet
section in our observations is 10 mm2 (Fig. 9), the effective
jet section can be realistically approximated using the test
rig.

4.3 Measurement of reed characteristics

Given that the test rig can be utilized for calculating the
effective jet section, the measurement of reed characteristics
is accomplished in two major steps:
1. In a first step, the lip position xL is chosen in dynamic

regime (with a cylindrical duct as a load) using the
system described by Muñoz Arancón et al. [29].

2. In the second phase, the experimental device allow-
ing quasi-static measurements (with a diaphragm as
a load) is utilized (Fig. 4).

4.3.1 Choice of lip position xL

Before characterizing the reed using quasi-static mea-
surements, it is necessary to choose lip coordinate xL that
leads to realistic playing conditions. The experiment is
made using a duct connected to the mouthpiece in order
to produce self-sustained oscillations. For three supply pres-
sure values Pm (’26, 29, 33 hPa) and three lip positions xL
(2, 3.5, 5 mm), the range of lip positions yL leading to
self-sustained oscillations is sought. In all circumstances,
the playing frequency (defined as the fundamental
frequency of the oscillations) is expressed as a function of
lip position yL.

The data reveals two key regions. For low values of yL
that correspond to lax embouchure, the frequency remains
constant and is typically 80 cents lower than the resonance
frequency of the resonator specified in Section 3.2. The
playing frequency increases with higher yL (medium to tight
embouchure). In this scenario, the frequency ranges
between �60 and 0 cents relative to the resonator’s reso-
nance frequency.

The findings show that the playing frequency obtained
with lax embouchure is significantly reliant on supply pres-
sure, regardless of lip location xL. The results also show that
the playing frequency is dependent on the supply pressure
for xL = 2 mm and xL = 5 mm in medium and tight embou-
chures, respectively. However, at xL = 3.5 mm, the playing

Figure 9. Example of generalized characteristics. Left: experimental (blue star) and theoretical (red straight line) characteristics in
the measured pressure range. Right: experimental (blue star) and theoretical (red straight line) characteristics in the full pressure
range.
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frequency is independent of supply pressure in medium and
tight embouchures. Due to the small variability of the play-
ing frequency as a function of Pm, the lip position for mea-
surements is chosen to be xL = 3.5 mm. This choice is in
agreement with the results obtained by Muñoz Arancón
et al. [29] and Almeida et al. [13] but this value could be dif-
ferent using another lip with different dimensions as shown
by Yoshinaga et al. [23] or Ukshini et al. [30].

4.3.2 Measurement of effective jet section

Once the lip position is determined (xL = 3.5 mm), the
diaphragm replaces the cylindrical resonator. The experi-
ment proceeds as follows: acquisition begins, and the
vacuum cleaner is turned on until the reed channel is closed.
The vacuum cleaner is turned off after closing the reed to
allow the reed channel to open. The acquisition process is
completed when the reed comes to rest. This method
estimates the effective section S twice, utilizing the reed’s
opening and closing stages. This experiment is done for
different lip positions yL corresponding to different forces
at rest F0. The link between yL and F0 is shown in
Appendix.

Figure 7 displays an example featuring a diaphragm
pressure drop �pU(t) for 5 different lip forces at rest F0

(associated with 5 distinct lip positions yL). Figure 7 shows
that the pressure drop across the diaphragm, �pU(t), is
dependent on F0. When F0 values are small, the rate of
change in �pU(t) is high, resulting in a very brief reed
opening time. Conversely, when forces are high, the reed
fails to open, making it impossible to determine the effective
area S.

To estimate reed properties using the approach outlined
in Section 4.4, the measurement should be done in a quasi-
static situation, and the reed’s dynamic effects must be neg-
ligible. As previously established, a low lip force F0 leads the
reed to open quickly, with significant dynamic effects. In
contrast, a significant lip force F0 causes a relatively small
pressure drop across the diaphragm, making determining
the equivalent jet section impossible due to noise.

To evaluate the reed properties S(�pg), the least lip
force F min

0 and maximum lip force F max
0 need to be deter-

mined experimentally. To accomplish this, the operator
monitors the time signal �pU(t) for each reed and lip posi-
tion yL. Based on this information, the operator judges
whether the lip force is too high or too low. The signal
�pU(t) in the first scenario has a high temporal derivative,
which is indicative of a rapid opening and a high maximum
value. In the latter instance, a low maximum value and a
low SNR (signal to noise ratio) are indicated by the signal
�pU(t), which also exhibits a low time derivative.

Finally, the effective section is determined when
equation (8) is respected, which conducts the usage of the
time signals �p(t) and �pU(t) for certain time slots.
Figure 8 illustrates the indicator derived from equation
(9). In this example, the closing phase lasts t 2 [2.2–2.9]
seconds, while the opening phase lasts t 2 [8.1–11.4]
seconds, indicating that the closing phase lasts longer than
the opening phase.

4.4 Estimation of reed equivalent parameters

To get the generalized characteristics S(�pg) for each
reed, the measurement described in the previous section is
repeated for various lip force F0, and the effective sections
(corresponding to different lip force levels) are determined
using equation (6).

From the different quantities S(t), F(t), it is possible to
get the 3D plot (�p, F, S) as shown on Figure 2a. This
characteristic is similar to results obtained by Taillard [4]
showing a linear behavior for low values of �p, then a
curvature due to the bending of the reed on the mouthpiece
lay.

The effect of lip position yL (static lip force F0) can be
clearly observed. When the force increases, the jet
section decreases for �p = 0. Using the reed characteristics
S(�p, F) (Fig. 2a), it is possible to deduce the generalized
characteristics S(�pg) using a rotation around the S axis
as described in Section 2.2. This rotation is done in two
steps. In the first step, a principal component analysis
(PCA) is used to estimate a rough value of reed equivalent
surface A0

r defined in equation (2). In a second phase, a best
estimate of Ar is obtained by fitting a polynomial model
with order 10 to the experimental data S(�pg) and seeking
for the smallest fitting error.

Following the optimal rotation, a Levenberg-Marquardt
nonlinear regression (function leasqr of GNU Octave [31]) is
applied using the function defined in equation (4). The error
characterizing the quality of the model is defined by

e ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
m
ðSjðmÞ � SðmÞÞ2P

m
SðmÞ2

vuuuut ; ð10Þ

where Sj(m) is the mth value of the modeled opening sec-
tion, and S(m) is the mth value of the effective opening
section estimated from measurements (Eq. (6)).

Figure 9 shows an example of final optimization. The
left graph depicts the characteristics in the pressure range
selected using equation (8), whereas the right graph depicts
them over the entire pressure range.

5 Results

In this section, tests are conducted using the approach
outlined in Section 4. The accuracy of the test rig is
estimated and the performance of the model provided in
Section 2.3 is evaluated. Twenty four tenor saxophone reeds
have been used, as described in Table 1. Note that the
strength of reed with different material and cut can not
be compared (e.g. Cane Classic 3 reeds and Cane Jazz 3
reeds are not equivalent according to manufacturers [2]).
Measured reeds are all new and have never been used.
The measurement conditions are the same as those used
by manufacturers to categorize dried reeds. This is the most
reasonable solution and the one we chose because otherwise
the degree of humidification of a reed is uncontrollable.
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The hygrometry rate ranged from 45% to 55% during
the measurement. Each reed was removed and remounted
five times, with measurements recorded each time. For
each measurement, five lip positions yL leading to five lip
forces F0 are employed to estimate the generalized charac-
teristics. The measurement duration for each lip position
is nearly 1 minute, resulting in a total measurement time
of 5 minutes for 1 repetition. Once completed, each reed
underwent a 25 closing and opening process, resulting in a
total measuring time of 25 minutes per reed.

5.1 Measurement variability and robustness of the
model identification method

The impact of performing the measurement 5 times is
examined. The mean quadratic error e (Eq. (10)) over reed
measurements is 4% when the reed opens and 7% when it
closes. This demonstrates that the measurement is more
robust when measuring the reed during the opening phase,
because the opening is slower (Fig. 8) and better respects
the hypothesis of a quasi-static behavior. For this reason,
it is decided to keep only the measurements during the
opening phase. For each measurement, a model identifica-
tion is done. An ANOVA computed with Jamovi [32]
suggests that the effect of repetition is not significant
(p-value > 0.05) except for one reed (the American syn-
thetic reed). For this reed, S00 is somewhat greater (almost
10%) for the initial occurrence than for the subsequent

repetitions. This suggests for this particular reed a “break-
ing” effect, i.e., that the reed opening at rest gradually
decreases for a reed under repeated effort [14, 33]. Finally,
it can be concluded that measurements and parameters
evaluation are reproducible, particularly for cane reeds.

The robustness of the model identification can be seen
on Figures 10 (cane reeds) and 11 (synthetic reeds) which
illustrates that cane reeds have the lowest error e, while syn-
thetic reeds show a larger deviation with the model. Error e
is on average 7% for cane reeds, while it is 9% and 13% for
american and classic synthetic reeds respectively. It appears
that the three parameters model is more compatible with
cane reeds than with synthetic reeds which reveals a differ-
ent behavior for the latter.

5.2 Effect of reed type

Results show that the equivalent reed areaAr is depend-
ing on the reed type (p-value < 0.01). It is 3.37 cm2 for
classic cane reed (±1.5%), while it is 3.08 cm2 for jazz cane
reed (±1%). On the other hand, it is 2.9 cm2 for classic
synthetic reed (±3%), while it is 2.94 cm2 for American
synthetic reed (±1.4%). The effect of strength is not signif-
icant on Ar as well as on the extrapolated cross-section
at rest S00 excepted for classic cane reeds as can be seen in
Figure 12. On the contrary, S00 is significantly dependent
on the reed type. It is interesting to notice that for
cane reeds, S00 is 30% higher for the jazz cut than for the

Figure 10. Left: cane reed classic cut strength 3, estimation error e = 4.5%. Right: cane reed jazz cut strength 3.5, estimation error
e = 7.1%

Table 1. The eight types of reeds measured in this experiment with their associated names.

Type of reeds Number of reeds Type name

Material Cut Strength

Cane Classic 2.5 5 Cc2.5
3 5 Cc3

Jazz 3 5 Cj3
3.5 5 Cj3.5

Synthetic Classic 2.5 1 Sc2.5
3 1 Sc3

American 2.25 1 Sa2.25
2.75 1 Sa2.75
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classic cut, while it has been verified with a camera that
the opening at rest (without lip) is the same. They also
have significantly different elbow pressure Pe values, as
shown in Figure 13. Finally, it appears from Figure 14
that classical and jazz cane reeds have similar closing
pressures PM and, as it could be awaited, PM is slightly
related to the reed strength, except for synthetic american
reeds (p-value = 0.33). American Synthetic have a much
lower PM value. However, the effect of PM on the reed
type is highly significant (p-value < 0.01). To summarize,
it can be said that various reed types lead to different
behavior which can be emphasized by a less good match
with the model (for the synthetic reeds) and different
Ar, S00, PM and Pe values. Especially, it is observed that jazz
cane reeds have higher S00 and lower Pe than classic cane
reeds.

5.3 Effect of reed

The aim of the test rig is not only to emphasize the dif-
ferences between different reed types but also to emphasize
differences between reeds of the same type. The study
focused here on classic cane reeds shows that Ar seems to
depend on the reeds. However, the difference remains small,

Ar is almost the same in a box (Fig. 15). The effective open-
ing at rest is different for some reeds. For example, Figure 15
shows that reed no. 4 (among the Cc2.5 reed type) differs
from the other reeds in this box.

Figure 11. Left: synthetic reed american cut strength 2.25, estimation error e = 9.9%. Right: synthetic reed classic cut strength 2.5,
estimation error e = 13.3%.

Figure 12. Extrapolated cross-section at rest S00 for different
reed types (material, cut, strength). Figure 13. Elbow pressure Pe for different reed types (material,

cut, strength).

Figure 14. Closing pressure PM for different reed types
(material, cut, strength).
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Figure 16 shows PM and Pe for 10 classic cut cane reeds
with strength 2.5 and 3. This shows that parameters PM

and Pe make it possible to distinguish between several cane
reeds in a single box. It seems that the dispersion in a given
box is quite large so that reeds of lower strength can have a
higher PM value than some reeds of higher strength.

6 Conclusion

The test rig presented in this work is shown to be effec-
tive for the characterization of simple reeds in the quasi-
static regime (slow opening of the reed). It enables to
estimate the characteristic nonlinear relation between the
jet cross-section and the pressure drop through the reed
channel. Moreover, introducing the generalized pressure
�pg, the sum of air pressure and lip “pressure”, it is possible
to estimate a unique characteristic. This result confirms
those obtained by Taillard [4] and complete them since
the force was still not measured. Lip “pressure” is defined
as the force exerted by the lip on the reed divided by an
equivalent area Ar which is determined for each reed. In
order to reduce the information to a limited number of
parameters, this characteristic is modeled using a 3-piece-
wise function involving only three parameters: the extrapo-
lated opening at rest S00, the closing pressure PM and the

elbow pressure Pe which gives the extent of the parabolic
part between the two linear parts of the characteristic. At
the end of the identification process each reed is character-
ized by five parameters, the equivalent area, the reed open-
ing at rest, the closing pressure, the elbow pressure and an
error term e evaluating the model consistency. First results
on cane and synthetic reeds show that the model better fit
with cane reeds than with synthetic reeds. So this parame-
ter might be an important information on the quality of the
reed. First results also suggest that the equivalent area Ar

depend on the type of the reed but is the same for reeds
of the same type. Other parameters may depend on reed
type as well as, in a smaller extent, on the reed. The test
rig will be used to test a larger number of reeds and see
how these characteristics can be correlated with musicians’
subjective assessments. On this point of view, it must be
kept in mind that some reed properties such as inertia
and damping which may be of some importance for the
musicians are not considered in our experiment.
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Appendix

Link between lip position and lip force

The link between lip position yL and lip force at rest F0 (given
for �p = 0) is determined by observing the relation between lip
force F(t), mouth pressure �p(t) for different lip positions yL as
shown on Figure A1. This figure shows that air pressure relaxes
the contact force of the lip on the reed. Indeed, when pressure
increases, lip force diminishes. For low pressure values, the force
variation is almost proportional to pressure. For higher pressure
values (typically 4000 Pa in Fig. A1), the lip force is not propor-
tional to pressure any more. The force varies less, most likely
due to the reed tip bending on the mouthpiece. These results allow
us to determine the force at rest F0 that corresponds to the lip loca-
tion yL for �p = 0. This force at rest is calculated using order
3 least mean square regression.

Figure A1. Lip force F as a function of pressure �p for
different lip positions yL.
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