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Summary

The influence of the up- and downstream acoustics on the buzzing behavior of artificial lips has been studied. In
the presence of a long downstream pipe, the oscillation frequency is well predicted by means of a model assuming

a single mechanical degree of freedom for the lips. A minimum of the threshold pressure for buzzing is observed
when the lips are just closed at rest. The magnitude of this threshold pressure is underestimated by the model. In
order to fit experiments the quality factor of the lip resonance has to be reduced by a factor two compared to the

measured quality factor. In the absence of downstream pipe the threshold pressure increases by a factor three and

a jump in oscillation frequency from one mechanical lip-mode to another one is observed as the lung pressure is
increased. An attempt to describe this behavior by means of a 2-mass-model fails.

PACS no. 43.75.Fg, 43.75.Yy

1. Introduction

Woodwind-instruments such as the clarinet or the oboe are
driven by the oscillations of a valve, the reed, coupled
to an acoustical resonator, the pipe. As the valve tends
to close when the lung pressure is increased, Helmholtz
[1] classified these valves as inwards striking reeds. Using
a model with a single mechanical degree of freedom for
the reed and a single acoustical resonance for the down-
stream pipe Helmholtz [1] predicted, by means of a lin-
ear stability analysis, that the instrument should sound at
a frequency lower than both the reed and pipe resonance
frequencies. This was verified by experiments. Helmholtz
[1] postulated that lips in a brass instrument will have the
opposite behavior, they are classified as outward-striking
reeds, since they would open when the lung pressure is in-
creased. This appears to be an oversimplification. Like the
vocal folds, lips seem to have more than a single active
mechanical degree of freedom [2, 3, 4, 5]. However, for
many practical applications such as sound synthesis, one
would like to use the most simple physical models of vo-
cal fold oscillations to explain the behavior of lips in brass-
instruments. The simple 2-mass model of Lous et al. [6] is
an attractive candidate as it combines the essential features
of fluid dynamics, such as a moving flow separation point,
with a model for acoustical feedback from the upstream
and downstream ducts.
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In the present paper we consider two different mod-
els: the single mechanical degree of freedom model pro-
posed by Cullen et al. [5] and the 2-mass model of Lous
et al. [6]. The parameters needed for these models have
been determined from static and dynamic measurements
on artificial lips. Then a linear stability analysis has been
carried out with both models to predict the onset of self-
sustained oscillations of the lips. These results have been
compared to measured data from the artificial lips. The ef-
fect of acoustical feedback has been studied by perform-
ing measurements and simulations for different lengths of
a downstream pipe connected to the artificial lips.

We used in our experiments an artificial lip based on la-
tex tubes filled with water as used by Gilbert et al. [7] and
Cullen et al. [5]. We used however a modification inspired
by the work of Vergez [8]: the lip tension is imposed by
controlling the internal water pressure rather than by im-
posing a mechanical constraint. This set-up has not neces-
sarily more realistic mechanical boundary conditions than
the model of Gilbert et al. [7], but these boundary condi-
tions are easier to control. Another major difference be-
tween our set-up and the set-up of Gilbert et al. [7] is that
we use an artificial upper airways (vocal track/trachea)
and a large volume representing the lungs. This provides a
more realistic upstream acoustical behavior.

The paper is organized as follows: the experimental set-
up and measurement procedure is explained in section 2.
In section 3 the 1-mass model of Cullen et al. [5] is shortly
presented, while the 2-mass model of Lous et al. [6] with
upstream and downstream pipes is described in section 4.
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Both the experimental and numerical results are presented
in section 5 and in section 6 the dynamic behavior of the
2-mass model of Lous et al. [6] is discussed. Finally, the
main conclusions are summarized in section 7.

2. Experimental procedure

The artificial lips sketched in Figure 1 are described by
Vilain et al. [9]. The lips consist of latex tubes of 1 cm di-
ameter and 0.3 mm wall thickness. Each tube is mounted
on a metal cylinder, the lip-holder, of 1 cm internal diam-
eter. Half of this cylinder has been removed over a length
of b = 3 cm corresponding to the length of the lips in the
direction transversal to the flow. A central duct of 2 mm
diameter along the axis of the cylinder allows to fill the
lips with water. The lip-holders are mounted in cylindrical
holes drilled in a metal block. A global sketch of the set up
is provided in Figure 2. A pipe of length L, = 30 cm and
a diameter d, = 3 cm representing the upper airways, con-
nects the lip-model to a reservoir of volume V; = 0.68 m*
representing the lungs. The diameter d,, is not uniform be-
cause a laser is placed in this pipe section. The upstream
reservoir is filled with acoustical foam in order to avoid
resonances. The static pressure p; in the reservoir is ad-
justed by a regulating valve feeded by a high pressure
reservoir (8 bar). The lung pressure was measured within
an accuracy of 20 Pa by means of a water manometer.

Experiments have been performed without downstream
pipe (L; = 0), a short pipe (L; = 16 cm) and a long
pipe (Ly = 49 cm). The downstream pipe had a diame-
ter of d; = 3 cm. The acoustical response of the upstream
pipe has been determined experimentally. When the lips
are closed, this pipe segment has a quarter-wavelength res-
onance at a frequency f, = 240 Hz with a quality factor
0, =5.

The internal lip-pressure p;, is imposed before each ex-
periment by adjusting the level of a water reservoir con-
nected to the lips (Figure 1). This adjustment is carried
out at zero lung pressure. The valve connecting the lips
to the water reservoir is then closed. The lips remain con-
nected to each other through the water feeding duct. This
keeps the lip tension equal while the water volume re-
mains fixed. We call this the constant volume operation
mode [9]. The pressures in the airways just upstream of
the lips p, and just downstream of the lips p; were mea-
sured by means of Kulite pressure gages (type XCS093).
The lip opening 4 was monitored by means of an optical
system similar to the one used by Cullen et al. [5]. A laser
diode (type ACM1 (635-3) 1 mW) has been build within
the upstream pipe segment (Figure 2). The intensity of the
light passing through the lip opening is recorded. A lens
placed in front of the photodiode captures the diffracted
light for lip openings larger than 10~ m. The optical sys-
tem is calibrated by traversing a razor blade mounted on a
micrometer, through the beam. The derivative of the diode
signal I with respect to the position of the razor blade pro-
vides the sensitivity (d /dx) of the setup. In first approx-
imation dI /dx is constant within the range of lip opening
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Figure 1. Schematic representation of the lips. a: lip replica, b,b’:
metallic block (lip holder), c: water reservoir.

Figure 2. Schematic representation of the test setup. a: lip replica,
b: upstream pipe/laser, c: water reservoir (internal lip pressure),
d: upstream pressure gauge, e: downstream pipe, f: lens and pho-
todiode, g: lungs (pressure reservoir), h: high pressure air supply
line.

considered. For an internal lip pressure p;, = 9.1 kPa we
find from static measurements a lip opening 4 = Cp; with
C =3.5x 1078 mPa~!. An overview of the static measure-
ment of the lip opening as a function of the lip pressure p;
is given in Figure 3.

During dynamical experiments, the lip oscillation fre-
quency was determined from the laser signal. The transfer
function between the lip opening / and a broad band noise
signal driving a set of loudspeakers placed just down-
stream of the lips as shown in Figure 4 (L; = 0) is used
to determine the mechanical response of the lips. During
those measurements, the lips were attached by means of
the upstream pipe segment (L,) to the reservoir (lungs).
The response obtained will therefore combine the mechan-
ical response of the lips with the acoustical response of the
vocal tract and lungs. For the data acquisition and analy-
sis we used a HP 3635 analyzer. The measurement of the
mechanical response of the lips is limited to internal lip
pressures below p;, = 9.1 kPa. At this pressure the lips
are just closed when p; = 0. The lung pressure thresh-
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old p; = p; at the onset of self sustained oscillation was
determined by detecting the sound production of the set-
up (Figure 2). The occurrence of self-sustained oscillation
could also be confirmed by the appearance of a line spec-
trum in the frequency response of the lips. However, the
acoustic detection was used because it was found to be
more convenient in practice.

3. One-mass model

The model proposed by Cullen et al. [5] has been used
to predict the self-sustained oscillation of the lips. This is
originally a two degree of freedom (DOF) model: one me-
chanical DOF for the lips and a second for the acoustics.
The mechanical behavior of the lips is modeled as a one
DOF spring-mass-damper system. We assume that the two
lips are identical and that their movement is symmetrical
(opposite phase). The acoustics of the downstream pipe is
described by assuming a single acoustical resonance fol-
lowing the approximation of Cullen et al. [5]. We use the
same approach to take the acoustical response of the up-
stream pipe into account when there is no downstream pipe
(L4 = 0). Following Fletcher and Rossing [4] the dynam-
ics of an outwards striking reed is described by the equa-
tion

dzh/ iy, dn’

dr? * Qr dt

where /' is the fluctuation in the opening 4 of the lips,
wy, is the natural frequency of the lips, Oy is the quality
factor of the lip resonance, p/, and p|, are the fluctuating
parts of respectively p, and p, (where u and d stand for
the upstream and downstream pipe respectively) and A,
and A, are the corresponding ratios of the effective surface
areas, on which the pressure acts and of the effective mass
of the lips. We neglect steady flow pressure losses in the
ducts.

The downstream pressure oscillates around the atmo-
spheric pressure p), = pq. Upstream of the lips we have
P, = pu — pi- The factors A; and A, are positive for an
outward striking valve. In principle A, # A;. As noted
by Fletcher and Rossing [4] a model of the lips in which
Ay < 0 cannot be excluded.

The acoustical system is described by the following
equation [5]:

+ih = —Aupl, + Aup,, (D

Py ody o Zio,
> Q; dr ' o "

where (dy/dt) = p., w; = 2z f; is the acoustical reso-
nance frequency, Q; is the quality factor, Z; is the peak
value of the acoustical impedance at w; and ¢; is the un-
steady component of the volume flow through the lips. Ne-
glecting the compressibility of the flow and the volume
displacement by the movement of the lips, we have by con-
servation of volume flow ¢, = —¢/,. Using a quasi-steady
incompressible flow approximation we obtain

(i=ud), (2)

bhy
¢, =—¢, =b'Up — —(p,; — p,). (3)
d B oUg d
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Figure 3. Static measurements of lip opening vs lung pressure
for different values of the internal lip pressure p;, =2, 4.5 and
9.1kPa.

e

Figure 4. Schematic representation of the test setup for the trans-
fer function measurements. a: upstream pipe, b: laser, c: upstream
pressure gauge, d: lip replica, e: loudspeakers, f: transmitted laser
beam.

where hg = h — I, Up is the mean value of the flow ve-
locity. We implicitly assume flow separation followed by a
dissipation of the kinetic energy without pressure recovery
in a free jet of thickness /4 and width b. The flow velocity
Ugp is calculated by means of the equation of Bernoulli,

2
Up = 1|22 (4)
p

where p = 1.2 kg/m? is the density of the air. The acous-
tical impedance Z, of the upstream pipe has been deter-
mined from measurements of the resonance frequency and
the quality factors of a long pipe (4 m) attached to the
reservoir. The impedance Z; of the downstream pipe was
calculated assuming radiation of an unflanged pipe in free
space and taking visco-thermal losses in the pipe into ac-
count [10]. Linear stability theory is used to determine the
lung pressure py, at the threshold for oscillation and the os-
cillation frequency f from equations (1), (2) and (3). We
assume a solution with a time dependence exp(at). When
we seek for the threshold behavior we assume a = iw and
we solve for p;, and w. For a given p; > p;;, we solve the
system of equations for & and assume w = S[a]. In the
present paper, and for the single mass model, we consider
only calculations with either p, = 0 or p/, = 0.
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4. Two-mass model

4.1. Acoustics and flow model

In the present work the 2-mass model of the lips has been
coupled to two pipes, one upstream and one downstream
of the lips. An schematic view is given in Figure 5.

These two pipes have been modeled as 1 DOF acous-
tic systems following the same strategy explained in sec-
tion 3. The acoustic response of each of the pipes can be
modeled using equation (2). In order to determine the pa-
rameters Q;, Z; and w; the impedance at the lip side of
each of the pipes has to be found.

The upstream pipe is connected to a reservoir which
models the lungs and the reflection coefficient R is known
from previous work (Figure 6). Therefore, the impedance
at the lip side of the pipe is given by [10, 4]

D poco Re 2kl 41

Zi(x=0 )=E=—Tpm~ Q)
The downstream pipe has an open end with a (known)
impedance Z,,. For Z,,, we use the low frequency ap-
proximation Z,,, = (poc()/Sp)((ka)2/4 + ik5) for an un-
flanged open pipe termination with pipe cross-section ra-
dius a and end correction § = 0.7a [11]. The impedance at

the lip side of the downstream pipe is

Zax =07 = (©)
P0C0 Zout (14 72K 4 ﬂg_:u(l — g2ikLs)

?17 Zout(l - e—2ikL2) + %(1 + e—2ikL2) ’

A curve fit of the resonance peak of the impedances given
by equations (5) and (6) has been performed to obtain the
parameters Q,, Z, and w, and Qg4, Z; and w,.

The flow through the lips is modeled in the same way
explained in section 3 leading to equation (3). The lip
opening at rest, kg, is in the 2-mass model given by
the equilibrium distance h_2 between the two downstream
masses.

4.2. Mechanical model

The 2-mass model considered here is a symmetric model
as shown in Figure 7. Two identical masses m are attached
to identical spring k/damper ¢ combinations. The masses
can only move vertically and the interaction force between
the two masses is proportional to the difference in vertical
displacement (spring constant k. = kg/(x; — x;)?). Fur-
thermore, the two lips are assumed to be identical and to
move symmetrically. The dynamic equations of this sys-
tem can be written as follows:

myl + Cyl + (k + kc)yl - ch2
= Fi(y1, y2, Py, Pa),
mj}Z + CyZ + (k + kc)yZ - kcyl
= FE(y1 y2, Pu Pa),

)

where m, ¢ and k are the mass, damping coefficient and
stiffness coefficient respectively and k. is the coupling
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Figure 5. Acoustical model.
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Figure 6. Average measured reflection coefficient.
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Figure 7. 2-mass model of Lous et al. [6].

stiffness between the two masses. The force terms F; and
F, have been calculated using the expressions given in [6].
This model assumes that the masses support straight mass-
less walls.

For small variations around the equilibrium position the
displacements of the two masses are:

Y=Yty )
=1+,
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and equations (7) become:

(my| +cy) + (k+ k)y, —keyy =

or | ok /
oy lewmmo’™ oy leimpo ?
1 p/ @ p/
0P, lGimP.0 " 0Py Gim B0y @ ©
myy + cyh + (k + ke)yy — key) =
oF, . OF .
Sl it ___— W
ayl >1.y2.P,.0) ayz 1.52.P,.0)
+ 2 p/ @ ’
( 0P, | GiwmP0 " 0P lGimPo @

Expressions for the derivatives of the forces F; and F, are
given in the Appendix. The following equation can be used
to determine the equilibrium position:

(k + k)3T = k32 = Fi (3132 P0).

— (10)

KT+ (k+ KTz = Fa (3755, P 0).
where the overbars indicate the equilibrium values. We as-
sume that in absence of a pressure difference (F,, = P,) the
equilibrium positions are yjg = y20 = 0 (h1o = hag = 0).
Furthermore, the equilibrium distance between the two
downstream masses hy is equal to twice the equilibrium
vertical displacement y, (hy = 2y7).

4.3. Total coupled model

The total coupled model has 4 degrees of freedom (DOF):
2 mechanical DOF‘s (y;,y,) and 2 acoustical DOF‘s

(Wd’ Wu)-

(., , OF , 0F
my, + cy) — — —

op, "~ op,Vd

OF, ’ 0F; ’
+<k+kc—gj)y1 —(kc+d—y2‘)y2=0,
oF, , OF, ,
op, V" op, Y4
_<k0+%>y’] +<k+kc—‘;—;2>y’2=0,

my, + ¢y, —

o, Zuwa Lhy
QU | ot — | W (n
o o pUs
Z, Lh Z, —
L R 4 22 Ty, + oy, = 0,
Qu pU3 Qu
_, ZgwgLhy , wa  Zawg Lhy |
W, - —y,+ | =+ — | v,
Qi U, (0F Qi U,
Zwg —
24 dLU3y'2 + qu/(’i =0,
. Qd

where h, = 2y, has been used. While the original model of
Lous et al. [6] describes a moving flow separation point for
large oscillation amplitudes, in linearized theory, as used
here, the separation point remains fixed at the downstream
end (mass 2).

Equation (11) can be written in state-space form:

x = Ax, (12)
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where x = [y1, y2, Wu, Wa. V1. Y2, W, Wy]” and A is given
by

[ 0 0 0o 0
0 0 0o 0
0 0 0O 0
0 0 0O 0
OF) OF]
A = _k+kL ﬁ kf+# 0 0
m m
kﬁ+% k+kL—%
— — 0O 0
0 —2Z%7 -0l 0
Ziwg  — 2
| 0 2ﬁLU3 0 -w;
1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1
— 0 19k 19k
m m 0P, m 0Py,
0 = 195 195
m m 0P, m 0Py
oy Zuo 1Rz 1E
0 -la+%. ,,73] 0. 0,
0 0 Ziwa Lhy _ |04 | Zawa Ly
Qi U, Qu Qi U5 | |

The same procedure explained in section 3 can be used
to carry out a linear stability analysis by calculating the
eigenvalues of A and looking at the sign of their real part.

5. Results

5.1. Experimental results

In this section the experimental results will be compared
to the predictions obtained by means of the single mass
model of Cullen et al. [S] presented in the previous section.
In Figure 8 the measured transfer function between /' and
p,; is shown for four different lung pressures p; = 0 Pa,
1.13 kPa, 2.50 kPa and 3.44 kPa. Those data correspond
to the situation without a downstream pipe and an internal
lip pressure p;, = 9.1 kPa. At rest (p; = 0) the lips are just
closed.

Three resonance peaks can clearly be distinguished both
in the magnitude and phase plots. The frequencies of these
peaks are for p; = 0 approximately f; = 80 Hz, f, =
160 Hz and f3 = 220 Hz. These frequencies increase with
increasing lung pressure p;. Cullen et al. [5] also found
three resonance peaks, but with higher frequencies. The
quality factors Q; (i=1,2,3) of the resonance peaks have
been estimated from the 3-dB bandwidth. Values between
3 and 10 have been obtained depending on the internal lip
pressure p;,. These values are lower than those reported
by Cullen et al. [5]. Once f; and Q; are known we follow
the procedure of Cullen ez al. [5] to determine A, and the
character of the peak (inward- or outward-striking). Under
the assumption that each resonance can be independently
modeled, they determine the character of the peak from
the phase of the transfer function between mouth pressure
(upstream) oscillations and lip opening [12, 3]. In [5] a
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Figure 8. Measured frequency response functions between lip
opening s and the downstream pressure p, for several lung pres-
sures p;, no downstream pipe and an internal lip pressure p;, =
9.1 kPa: amplitude (dB re 1077 Pa, upper) and phase (lower).
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Figure 9. Measured impedance for the upstream pipe. p;, =
2,4.5,8,9.1kPa.

negative phase indicates outward-striking behavior and a
positive phase an inward-striking character. The transfer
functions shown in Figure 8 correspond to a pressure os-
cillation downstream, which means that the signs must be
switched: a positive phase means outward-striking behav-
ior and a negative phase inward-striking behavior. The val-
ues of the area factor A; were ranging from A; = 0.03 to
0.08 m?kg~! depending on p;,. This is lower than the val-
ues found by Cullen et al. [5]. Regarding the character of
the resonances, we have found that the first two peaks dis-
play an outward-striking behavior, while the third has an
inward-striking behavior. This contrasts with the observa-
tion of Cullen et al. [5] that the first peak had an outward-
striking character and the other peaks had inward-striking
characters. This might reflect the difference in mechanical
boundary conditions of the lips in the two set-ups.

The upstream pipe segment does not have a uniform
cross-section along its length, because the laser has been
built within this pipe, as explained in section 2. In order
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Figure 10. Comparison of measured and predicted (dB / 1 Pa s/m)
impedance for the upstream pipe. (a) p;, = 2 kPa (measured data
dB re 1.14e-10), (b) pi, = 9.1 kPa (measured data dB re 8.9e-
12).

to have an estimate of the acoustical properties of this
pipe, measurements of the acoustical impedance upstream
of the lip model have been performed. This impedance has
been estimated from the ratio of the pressure measured up-
stream of the lip model and the electrical signal driving to
the loudspeaker downstream (which is related to the veloc-
ity), without a downstream pipe. In Figure 9 the measured
impedance for four different values of the internal lip pres-
sure p;, is shown. The first resonance frequency decreases
from 300 to 240 Hz as the lips go from open to closed. For
an internal lip pressure p;, = 9.1 kPa an additional peak at
about 160 Hz can be seen. This corresponds to the second
mechanical resonance f, of the lips (see Figure 8). The
fact that the upstream pipe is excited indicates a move-
ment in the direction of the pipe axis, which stresses the
difference between this second lip mode and the other two
modes, which do not appear in the upstream pressure re-
sponse to excitation downstream.

In order to generate the necessary input data for the
model, the theoretical input impedance for a pipe with
a known reflection coefficient at one side and an open-
end at the other side has been calculated. Experimental
data for the reflection coefficient has been used (Figure 6).
The length of the pipe has been chosen to fit the mea-
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Figure 11. Lung pressure threshold p,;, for oscillation as a func-
tion of the internal lip pressure p;,, measured without pipe L, =
0 cm (-.-) and with a long pipe L; = 49 cm (—).

sured resonance frequencies. The measured and calculated
impedance for two different values of p;, are shown in Fig-
ure 10. The experimental curve has been shifted to enable
comparison. The prediction of the quality factor based on
the measured reflection coefficient is satisfactory.

The lung pressure threshold p,;, for the onset of self sus-
tained oscillations and the frequency f of these oscilla-
tions have been measured for several different lip pressures
and three different downstream pipe lengths (L; = 0 cm,
16 cm and 49 cm). In Figure 11, the threshold pressure
D 1s shown as a function of the internal lip pressure p;,
for L; = 0 cm and 49 cm. The results for a short pipe
L; = 16 cm cannot be distinguished from those without
pipe L; = 0 cm.

Figure 11 shows that, for a long pipe Ly = 49 cm,
the lung pressure threshold p,, decreases as the internal
lip pressure p;, increases until a minimum is reached at
(Pin)eriticas = 9.1 kPa. At this critical point the lips are just
closed at rest, when p; = 0. If p;, is further increased the
threshold pressure py, increases rapidly. In practice, for a
musician, this minimum threshold pressure would be re-
lated to an optimal configuration for the ease of playing.
In the absence of a downstream pipe L; = 0 the threshold
pressure is about a factor three larger than with a pipe. The
uncertainty in py, is larger without pipe Ly = 0 than with
pipe L; = 49 cm, which reflects the fact that the oscilla-
tion threshold is less acute.

The oscillations are less stable without downstream
pipe. This again corresponds to the common experience of
brass-instrument players: the lip oscillation is indeed con-
siderably easier with the instrument attached to the em-
bouchure than without.

Figure 12 shows the influence of the downstream pipe
length L; on the frequency f of self-sustained oscilla-
tion as a function of the lung pressure p; for an internal
lip pressure p;, = 9.1 kPa. The quarter wavelength reso-
nance frequency of the upstream pipe f, = 240 Hz and the
quarter wavelength resonance frequency of the long pipe

Figure 12. Influence of the downstream pipe length L, on the
measured oscillation frequency f as a function of the lung pres-
sure p, for an internal lip pressure p;, = 9.1 kPa (no pipe L, = 0,
short pipe Ly = 16 cm, long pipe L, = 49 cm).

fa = 170 Hz are shown as references. We see that for the
long pipe L; = 49 cm, the oscillation frequency is fairly
constant and close to the pipe resonance. For the short pipe
L; = 16 cm and no pipe Ly = 0, two different oscillation
modes are observed depending on the lung pressure p;. For
pi < 5 kPa frequencies around f = 235 Hz are observed,
close to the third lip resonance f3 = 220 Hz (see Fig-
ure 8). Above p; = 7 kPa the oscillation frequency drops
to a frequency of around f = 185 Hz, close to the second
lip resonance f, = 160 Hz.

5.2. One-mass model

The data obtained from the transfer function measure-
ments has been used as input for the single-mass model
described in section 3. A linear stability analysis is used
to predict the threshold pressure p;, for self-sustained os-
cillation frequency and the corresponding oscillation fre-
quency f. The resonance frequency f, of the second lip
resonance in Figure 8 has been chosen for the mechanical
model. The upstream pressure fluctuations are neglected:
p, =0.

In Figure 13 we compare the measured threshold pres-
sure with two different calculations for L; = 49 cm (see
parameters used in the model in Tables I and II). The first
calculations using the measured quality factor O, = 10 un-
derestimate significantly p,; but predict the decrease of p;,
with increasing internal lip pressure up to p;, = 9.1 kPa.
For higher internal lip pressures, no simulations have been
performed because there are no data on the mechanical re-
sponse of the lips. Above p;, = 9.1 kPa the threshold pres-
sure is close to the lung pressure needed to open the lips.
Reducing the quality factor Q, of the lips by a factor two
allows to obtain an excellent fit of p,, for p;, < 9.1 kPa.

In Figure 14, the corresponding measured and predicted
oscillation frequencies are shown for p;, = 9.1 kPa as a
function of p; for L; = 49 cm. Two different values of the
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Figure 13. Comparison between measured and predicted thresh-
old pressure p,; as a function of the internal lip pressure p;, for
L; = 49 cm. Both calculations using the measured lip quality
factor O, = 10 (original) and half this quality factor O, = 5
(fitted) are shown.

Table I. Mechanical data lip-model: average values.

Resonance fi (Hz) 0O; Ay (m*kg™")
1 80 4 0.03
162 10 0.03
3 228 8 -0.03

Table II. Data of the pipes. I: Upstream (p;, = 9.1 kPa), II: Long
downstream, III: Short downstream.

Pipe Length (cm) fi (Hz) 0, Z; MPasm™)
1 36 239 5 3.77
11 49 170 55 39.97
I 16 494 46 33.56

quality factor have been used: the original measured qual-
ity factor Q, = 10 and the quality factor obtained from the
fit of the threshold pressure in Figure 13 O, = 5. As a
reference we also show the quarter-wavelength pipe reso-
nance frequency f, and the lip resonance frequency f>.

As expected for an outward-striking behavior the oscil-
lation frequency f = S[a]/2x is higher than both reso-
nance frequencies. It should be noted that finite amplitude
self-sustained oscillation can only be established as a re-
sult of non-linear saturation effects. Hence, for p; > p;,
the good agreement between theory and experiments indi-
cate that the non-linearities such as the collision of the lips
have little influence on the oscillation frequency.

The linear stability analysis allows to predict the thresh-
old values of the lung pressure for which self-sustained os-
cillations begin and the corresponding frequency of these
oscillations. In Figures 15 and 16 these threshold values
are plotted together with the measured values for p;, = 9.1
and 4.5 kPa for the situations with and without down-
stream pipe respectively.

1054

Figure 14. Comparison of measured and predicted oscillation fre-
quency f as a function of the lung pressure p;, for L; = 49 cm
and P, = 9.1 kPa. Both calculations using the measured lip qual-
ity factor Q, = 10 (original) and half this quality factor Q, = 5
(fitted) are shown.

When the downstream pipe is present, the 1-mass mo-
del gives a good prediction of the oscillation frequency
(within 10% of the measured values) independent of the
choice of mechanical resonance of the lips and of the qual-
ity factor. However, the predicted threshold pressure dif-
fers significantly from the measured values and is very
sensitive to the choice of lip resonance frequency and qual-
ity factor. In the situation without downstream pipe self-
sustained oscillations are only found when the third reso-
nance is chosen to model the lips. In this case, we obtain a
reasonable prediction of the threshold lung pressure but a
poor prediction of the oscillation frequency, specially for
pin = 4.5 kPa. Again the quality factor has a significant
influence on the predicted threshold pressure.

The single-mass model fails to predict the observed os-
cillation frequencies for Ly = 0. In such a case p), = 0
and the upstream resonance frequency f, = 240 Hz has to
be invoked. Using f» for the lips would then imply that
the oscillation frequency f is included between f, and
fu. The same is valid for f3. The theory cannot predict
such a behavior, independently of the choice of A, and
Ay. A striking feature observed in Figure 12 is that the
transition from an oscillation around the mechanical mode
f3 towards an oscillation around f, occurs when the os-
cillation frequency f approaches the upstream acoustical
resonance frequency f,. Further research should confirm
whether this is more than a coincidence.

5.3. Two-mass model

The 2-mass model of Lous et al. [6] (see Figure 7) has
also been used in an attempt to predict the observed self-
sustained oscillations. In that case both the up- and down-
stream acoustics were taken into account. This yields a
model with four degrees of freedom. Linear stability anal-
yses have been carried out using the second and third lip
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Figure 15. 1-mass model: Comparison of measured and predicted
oscillation frequency f vs the threshold lung pressure (p;),, for
L, =49 cm. The arrow indicates a decreasing quality factor from
Q2 = 10t0Q2 =5.

resonances f, and f3. One would expect the first res-
onance f; to correspond to an essentially three dimen-
sional motion in which water flows from the center of
the lips towards the sides. However, this involves a much
larger effective mass than a locally two dimensional mo-
tion. Hence, it is not surprising that this yields a rather
low frequency. A 2-mass model like the one proposed here
cannot describe such motions. In actual lips or vocal folds
three dimensional motions are also expected to be quite
significant [13].

The system parameters needed in equation (7) (k, k.,
m and c) have been determined by curve fitting the mea-
sured static response (Figure 3). To his end an iterative
trial-and-error procedure has been used. First values for k
and k. were guessed and then the measured lip resonance
frequencies (f, and f3) and quality factors from Figure 8
were used to determine m and c. With these parameters the
static opening of the lips was predicted using the 2-mass
model and visually compared to the measurement. This
procedure has been repeated until a good match between
predicted and measured static opening was found. The val-
ues of the parameters found in this way are summarized in
Table I. Two parameters have been varied: the quality fac-
tor of the lip resonances, O, and the distance between the
two masses, x,—x, in Figure 7 (this distance has been var-
ied keeping the matching of the model to the mechanical
properties of Table I). The predicted threshold lung pres-
sure and threshold oscillation frequency are shown in Fig-
ures 17 and 18 for the situations with and without down-
stream pipe respectively. The filled grey symbols corre-
spond to a model with upstream pipe and the empty sym-
bols to a model without upstream pipe.

When the downstream pipe is present, Figure 17, the
predicted oscillation frequency is significantly lower than
the measured frequency. For a lip pressure p;, = 4.5 kPa
we predict a frequency f ~ 165 Hz while f ~ 176 Hz
is observed. For a lip pressure p;, = 9.1 kPa we predict
a frequency f ~ 140 Hz while f ~ 165 Hz is observed.
This frequency is rather insensitive to the quality factor but
increases when the distance x, — x; between the masses is

Figure 16. 1-mass model: Comparison of measured and predicted
oscillation frequency f vs the threshold lung pressure (p;);, with-
out downstream pipe (L, = 0). The arrow indicates a decreasing
quality factor from Q, = 10 to O, = 5. Legend as in Figure 15.
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Figure 17. 2-mass model: Comparison of measured and predicted
oscillation frequency f vs the threshold lung pressure (p;),, for
L, =49 cm. The arrow indicates: (1) a decreasing quality factor
from Q, = 10to Q, = 5, (2) a decreasing distance x, —x; from 4
to 2 mm for p;, = 9.1 kPa and from 6 to 4 mm for p;, = 4.5 kPa.
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Figure 18. 2-mass model: Comparison of measured and predicted
oscillation frequency f vs the threshold lung pressure (p;);, with-
out downstreampipe (L, = 0). The arrow indicates: (1) a de-
creasing quality factor from Q, = 10 to O, =5, (2) a decreasing
distance x, — x| from 4 to 2 mm for p;, = 9.1 kPa and from 6 to
4 mm for p;, = 4.5 kPa. Legend as in Figure 17.

reduced. The prediction of the threshold lung pressure is
reasonable for p;, = 4.5 kPa but is an order of magnitude
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Figure 19. Predicted FRF between downstream pressure and the
displacement of mass 2 for several values of the lung pressure p;
without upstreampipe (p;, = 9.1 kPa, O, = 10).
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Figure 20. Predicted FRF between upstream pressure and the dis-
placement of mass 2 for several values of the lung pressure p,
without downstreampipe (p;, = 9.1 kPa, O, = 10).

too low for p;, = 9.1 kPa. For p;, = 4.5 kPa the 2-mass
model gives a better prediction of the threshold lung pres-
sure than the 1-mass model. However, the prediction of the
oscillation frequency is worse. Furthermore, the predicted
threshold pressure is sensitive to both the quality factor O,
and the distance x, — x; between the two masses. Remov-
ing the upstream pipe in the model does not change the
results significantly.

In the situation without downstream pipe, Figure 18, the
2-mass model gives a poor prediction of the threshold os-
cillation frequency. The predicted values change when the
quality factor Q; and the distance x, — x; between the
masses vary and when the upstream pipe is removed, but
the variations are not large. For a lip pressure p;, = 4.5 kPa
we predict a frequency f ~ 140 Hz while f ~ 220 Hz is
observed. For a lip pressure p;, = 9.1 kPa the predicted
frequency f ~ 210 Hz is significantly lower than the mea-
sured frequency f ~ 235 Hz. As for the 1-mass model, the
threshold lung pressure is reasonably well predicted for
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Figure 21. Eigenvalues A of the 2-mass model without acous-
tic coupling vs lung pressure p; without downstreampipe (p;, =
9.1 kPa, O, = 10).

pin = 4.5 kPa but not for p;, = 9.1 kPa. In the first case the
predicted threshold pressure is not very sensitive to varia-
tions of Qp, x, — x; or upstream pipe but for p;, = 9.1 kPa
the quality factor has a significant influence on the pre-
dicted threshold pressure.

It is clear from these figures that the 2-mass model pro-
vides little or no improvement in the results compared to
the 1-mass model. The 2-mass model has the advantage
that two lip resonances can be modeled simultaneously,
whereas in the 1-mass model one resonance at a time
has to be analyzed. In principle the 2-mass model should
be able to predict a transition in oscillation frequency as
shown in Figure 12 for L; = 0, but we have not succeeded
to predict such a behavior. Furthermore, the extra com-
plexity of the 2-mass model implies a larger number of
parameters that have to be tuned in order to get realistic
results. In the light of the presented results, this effort does
not seem to be justified.

6. Discussion

In an attempt to through some light on the poor behavior
of the 2-mass model, transfer functions have been calcu-
lated between the pressure fluctuations downstream and
lip opening (displacement of mass 2 in Figure 7) and the
pressure fluctuations upstream and lip opening. The results
for increasing values of the stationary pressure are shown
in Figures 19 and 20 respectively. From those data we will
deduce the character of the resonances dis played by our
model and compare that with the experimental data.

The frequency response functions (FRF) of the 2-mass
model in both Figure 19 and Figure 20 show that the two
resonances for p; = 0 Pa merge into one resonance at
about p; = 1000 Pa. This can be more clearly seen in Fig-
ure 21, where the eigenvalues of the 2-mass model for in-
creasing lung pressure, p;, are shown. For a lung pressure
of approximately 1800 Pa a Hopf bifurcation occurs. As p;
increases damping decreases and between p; = 6 kPa and
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pr = 6.5 kPa the peak becomes unstable. This can be seen
by looking at the phase, which shifts from negative to pos-
itive. This indicates a shift from positive to negative damp-
ing. The change of the resonance from stable to unstable
can also be concluded from the eigenvalues in Figure 21.
The real part of one of the eigenvalues becomes positive
for a lung pressure of about 6500 Pa. If these predicted fre-
quency response functions are compared to the experimen-
tal results in Figure 8, it is clear that the predicted thresh-
old pressure for the onset of self-sustained oscillations is
almost twice as large as the measured value. However, the
Hopf bifurcation can not be found in the measured data
from Figure 8.

Looking at the dynamical properties of the model one
should be able to see whether the two oscillation modes
of the 2-mass model (see Figure 22) behave as inward
or outward striking. Since this classification can be con-
fusing the classification proposed by Fletcher and Rossing
[4] will be used here. According to Fletcher valves can be
classified looking at whether they open or close when the
pressure at the upstream or downstream side increases.

In order to establish the inward or outward-striking
character of the two resonances modeled in the 2-mass
model, the phase of the frequency response functions for
pr = 0 Pa has to be analyzed. In Figure 19 we consider
the model response for fixed p, (no upstream pipe). Both
resonances have a negative phase and, since the pressure
fluctuations are applied downstream, this means that both
resonances have an inward-striking character. In other
words, the lip opening tends to increase as the downstream
pressure increases. Using the classification introduced by
Fletcher and Rossing [4] both resonances are (?,+) (the
question mark means that we still do not know what the
sign is). Looking now at Figure 20 we consider the model
for fixed p; (no downstream pipe). The first resonance
has a negative phase and the second resonance has a pos-
itive phase (note that the unwrapped phase has been plot-
ted). In this case the pressure fluctuations are applied up-
stream, which means that the first resonance should have
an outward-striking character and the second resonance
an inward-striking character. Apparently, for the first res-
onance, when the pressure either upstream or downstream
increases the lip opening increases. According to Fletcher
and Rossing [4] this gives a (+,+) character or sideways-
striking behavior. The second resonance has a (-,4) or
inward-striking behavior.

These results can be compared to the conclusions de-
rived in section 5.1 from the measured frequency response
function shown in Figure 8. It was shown there that the
second resonance (first in the model) has an outward
striking-behavior and the third resonance (second in the
model) has an inward-striking behavior. More precisely,
the measurements indicate a (?,-) character for the sec-
ond resonance and a (?,+) character for the third reso-
nance. Therefore the second resonance can only have a
(+,-) character, that is an outward-striking behavior. The
2-mass model fails to capture this behavior, since it has
been shown that the first resonance in the model (second in
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Figure 22. Mode shapes of the 2-mass model. (a) In-phase, (b)
Out-of-phase.

the measurements) has a (+,+) character. For the third res-
onance both (+,+) and (-,+) are possible, but, according to
the results of Cullen et al. [5] the (-,4) or inward-striking
character is more likely, which is correctly predicted by
the 2-mass model.

This failure of the 2-mass model can be easily explained
by looking at the modeshapes that correspond to each of
the resonances. For a positive value of the cross-coupling
stiffness in Figure 7 the first modeshape corresponds to an
in-phase motion of both masses (Figure 22a) and the lip
opening will increase when either the upstream or down-
stream pressure increase. Therefore, this first mode of the
2-mass model has an intrinsic (+,4) character. The second
modeshape corresponds to an out-of-phase motion of the
two masses (Figure 22b) and, recalling that the lip open-
ing is defined as the displacement of mass 2 in Figure 7,
the lip opening will increase when the downstream pres-
sure fluctuations increase and decrease when the upstream
pressure fluctuations increase. Therefore, the second mode
of the 2-mass model has an intrinsic (-,+) character.

One could argue that the wrong choice of resonances
has been made from the experimental data. Suppose the
first and second resonance from the measurements had
been chosen. According to the measured frequency re-
sponse functions, both resonances have an outward-stri-
king behavior. The 2-mass model would have modeled
them as sideways-striking and inward-striking respec-
tively. Furthermore, it has already been explained in sec-
tion 5.3 that the first resonance frequency f is very likely
to be related to a three dimensional motion of the water
in the lips, which cannot be modeled by the 2-mass model
proposed here.

From the above results it can be concluded that the 2-
mass model has clear intrinsic limitations which could be
the reason why no significantly better predictions are ob-
tained when compared to the simpler 1-mass model. One
should select alternative low dimensional models which do
not display such problems [14, 15, 16, 17].

7. Conclusions

Globally our results agree with those of Cullen et al. [5]
indicating that the upstream acoustics is not crucial for
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the behavior of lips buzzing near the oscillation thresh-
old. The single mass model performs well when consider-
ing conditions in which there is a strong coupling between
the lips and the downstream acoustics, as occurs in musi-
cal instruments. This model combined with a linear stabil-
ity analysis does not only predict the threshold behavior
but also the dependence of the oscillation frequency on
the lung pressure. This indicates that non-linearities intro-
duced by features such as the collision of the lips are not
crucial for these features. Some differences observed be-
tween our results and the work of Cullen are probably due
to the difference in mechanical boundary conditions. This
confirms the importance of those boundary conditions. In
our experiments the lips were "free" while in brass instru-
ments the lips are pressed against a mouth-piece which
determines the mechanical boundary conditions of the os-
cillator. Our artificial lips have a poor oscillation behavior
without downstream pipe.

Attempts to apply the simplified 2-mass model of Lous
et al. [6] to our lips, have not improved the results with re-
spect to the 1-mass model. Furthermore, minor modifica-
tions in the geometry assumed for the 2-mass model were
found to have a strong impact on the predicted lung pres-
sure at the oscillation threshold, which makes this model
unpractical to use.

Further analysis of the 2-mass model has shown that
there are intrinsic limitations of this model which prevent
the correct modeling of the observed phenomena. The two
modes of the model have respectively a sideways-striking
behavior (+,+) and inward-striking behavior (-,4) fol-
lowing Fletcher’s classification. Experimentally the artifi-
cial lips display outward-striking (+,-) and inward-striking
(-,+) dominating modes. A low dimensional lip model
should be selected according to this property. It seems
quite useless to improve the modeling of the fluid dynam-
ics without using a more realistic mechanical description
of the lips. Once the linear behavior of the lip model fits
better the actual lip behavior, one should pay attention to
the collision model which determines the non-linear re-
sponse of the system.
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Appendix — Derivatives of the forces

In the following equations AP = P, — P, bis the lip
length, yo = dy/2 is the pipe radius and x¢, x1, X, and x3
are parameters of the 2-mass model shown in Figure 7. The
numerical values used in the simulations are: xo = 0 mm
and x3 = 12 mm. The values of b and d,; are given in
section 2 and E, x and x, have been varied as explained
in section 5.
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