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Experimental results of a special artificial trombone player are presented: A mechanical device is a
substitute for the musician. Wind instruments, and particularly the brass, are self-sustained
oscillators. The oscillations are induced by a mechanical oscil{giierlips of the playeracting as

a valve which modulates the flow. Measured mechanical parameters of the artificial buzzing lips for
different “embouchures of the player” are presented, and analyzed in connection with the played
frequencies obtained for the same “embouchures.” The results are obtained with two resonator
systemga mouthpiece alone and a trombone with its mouthpiec@ 1998 Acoustical Society of
America.[S0001-496608)00509-9

PACS numbers: 43.75.HyVJS]|

INTRODUCTION vice as a substitute for the musician. This substitution allows
stable mouth controls and makes it possible to take extensive

Oscillations of wind instruments, and particularly lip- measurements during stable playing conditions and to com-
driven wind instruments(the brasy are driven by self- pare these with characteristic features of the instrument. We
sustained oscillations of an air flow. These oscillations areill present here comparisons of the playing frequency near
induced by a mechanical oscillat@he lips of the player  the threshold of oscillations, the acoustical passive resonance
acting as a valve which modulates the flow. The destabilizafrequency of the instrument and the mechanical passive reso-
tion of the mechanical element is the result of a complexhance frequency of the lips. After a first artificial mouth for
aeroelastic coupling among) the lips, (2) the air flow en-  brass instrument§Gilbert and Petiot, 1997a,) lwas devel-
tering the instrument as a result of the static overpressure iaped in order to measure the effect of nonlinear propagation
the mouth of the musician, ar{@) the resonant acoustic field in the instrument(Beauchamp, 1980; Hirschbergt al,,
in the instrument itself. The brass instruments have been ext996, a second onéPiau, 1997 has been constructed with
tensively studied(see, for example, Backus, 1976; Prattimproved control of the embouchure, and the latter has been
et al, 1977; Elliotet al, 1982; Causset al, 1984. A global  used in the experiments described in this paper.
study including the player behavior has been proposed by The present paper is divided into three parts. After this
Elliot and BowsheK1982. In the last 10 years, time-domain brief Introduction, we present the experimental setups in Sec.
simulations based on this kind of model have been proposeld the artificial mouth setup, the input impedance measure-
(Strong and Dudley, 1993; Dietz and Amir, 1995; Adachi ment, and the artificial lips’ mechanical characterization are
and Sato, 1996; Rodet and Vergez, 1996; Juin, 1996; MsaHlescribed successively. Different frequencies are obtained
lam et al, 1997. Due to the essential nonlinearity of the from these setupgSec. I): the acoustical resonance fre-
governing equations describing the mechanical behavior afuency(Fres from the input impedance measurement, the
the lips coupled with the air flow entering the instrument, itlips’ eigenfrequencie¢Flip) from the mechanical character-
is important to focus our attention on this part of the systemization, and the played frequenci€Splay) by playing the
Some experimental results focused on the human lip oscillanstrument with the artificial mouth. By controlling the “em-
tions have been obtained: Martih942; Elliot and Bowsher bouchure” of the artificial mouth, the lips’ frequencies and
(1982; Saneyoshet al. (1987); Yoshikawa(1995; Bailliet the played frequencies are slightly modified. The measure-
etal. (1999; Chen and Weinreich(1996; Copley and ments are reported twice: first with a mouthpiece alone, sec-
Strong (1996. One of the major difficulties of this kind of ond with the entire trombone including its mouthpiece. Fi-
experimental study on vibrating lips is the human player. Innally the experimental results are analyzed.
order to avoid this major difficulty, we have decided to de-
velop an artificial mouth for brass using artificial buzzing |. EXPERIMENTAL SETUPS AND PROCEDURES
lips.

Previous studies on reed musical instrumei@ackus,
1963; Wilson and Beavers, 1974; Meynial, 1987; Gilbert, The artificial mouth(Fig. 1) consists of a hermetically
1991; Idogaweet al., 1993; Gazengel, 1994; Dalmoet al,, sealed boxvolume 1500 cr®) fed by a high-pressuré-bar
1995 have demonstrated the usefulness of a mechanical deaaximum) air supply. The mouth pressure in the box is con-

A. Artificial mouth and buzzing lips
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trplled by a pressure regmatgA 1m Iong tUbe_(_)f_ 1cm FIG. 2. The measured input impedance of the tromb@weurtois model
diameter connects the regulating valve to the artificial mouthy 49, with its mouthpiecdBach model Megatone'§ AM). The value of the

The *“artificial lip” is a latex tube filled with water. The lip  impedance magnitudglecibel representatipiis expressed in units gfc/S

is 150 mm long, with a diameter of 16 mm, and a wall (the (éharictgristic impedance oftlhe airir;t:e pressrtljr;‘e-%/'(;lumt=i velofci;y anal-
f : : o ppifi il » 0gy, Sis the input cross-sectional area of the mouthpie€ke value of the

thlckne_s,s of 0.6 mm. It is con;tramed by an art|f|C|a}I jaw impedance phase is expressed in radian.

consisting of a plate with a circular hole of 2 cm diameter

(Fig. 1. The lip is pressed by the mouthpiece against the . . S
“jaw.” There are two mechanical control parameters for theelectrostatlc transducél/2-in electrostatic microphone car-

embouchure: a control of the lip tension, and a control of thérldge B&K) is usfed as a source and two elgctret micro-
position of the mouthpiece relative to the lip. Thus the “em- phones(electrgt microphone cartr!dges, Sennhelse.r Karé
bouchure,” the way the mouthpiece and lips interact, is con-used as receivers. The tyvo receivers are placgd in the same
trolled by the intrinsic parameters of the lips such as thé:’lane as the em'tter on either S|de_ano! diametrically opposite
tension of the latex tubes, the mass of water inside, and th ach other. Notice that for our application we only use one of

position of the mouthpiece relative to the lips. The last is thed€ two receiving microphones. The second one is useful

only parameter used to vary the embouchure for experimen Dheln measu(rjergents of thfgflrls:)hell_cal mede are performed
presented in Sec. II. almont and Bruneau, 1991Our impedance measure-

There are minor differences with respect to the first ver.ments are done below the first cut-off frequency, so that the

sion of the artificial mouth described in Gilbert and Petiotp""‘ma'\’v"’“/e propagation approximation is accurate.

(1997a, b. The mechanical system of the embouchure is . The |mped_ance measurements shown_bglow are made
moved from the front to the back of the mouth: the mouth-W'th a harmonic source. The transfer functiomicrophone

piece is clamped and remains fixed. Therefore it is possibl ignal over excitation signais obtained by a dual-phase-

to replace one brass instrument with another without pertur—o‘:k'In technique. The frequency range of the swept sine is

bation of the embouchure. In the experiments described herg{pically 20-1000 Hz. Before the measurements we use a

to have a mechanical system as simple as possible, only orqéethod of calibration based on preliminary measurements

latex lip is installed, the other being replaced by a solid plate'VIth @ set of closed cylindrical tubgfor further details, see
The artificial mouth has a realistic playing performance, aADaImont and Brunea(d993)].

judged by listening to the sound produced by the system.

Notice that such a single lip drive has already been used b¥. Results

Gokhstein(1981) for observations on human lip oscillations. Figure 2 shows the measured input impedance of the

trombone(Courtois model 14Pwith its mouthpiece(Bach

B. Resonator input impedance model Megatone 82> AM). The impedance curve is compa-
rable with, among others, the experimental results of Elliot
and Bowshef1982. The parameterdrequency, quality fac-

The air resonator system, a mouthpiece alone or a trontor, magnitudg of the eight first resonances are given in
bone with its mouthpiece, is characterized by its input im-Table I. Moreover the input impedance of the trombone
pedance(complex quotient of the acoustical pressure andmouthpiece alone has been measured. As expected, the
volume velocity in the input of the resonator in forced oscil- mouthpiece has only one resonance frequetfogguency
lations. The input impedances are measured by the apparaorresponding to a magnitude maximum and a zero phase of
tus described in Dalmont and Brune@d®91). The apparatus the input impedange the resonance frequency iEm
is a simple plane support for three microphorieeluding  =545.6 Hz, and the quality factor of this resonance is 19.9.
one microphone acting as sour@nd the object to be mea- We will use in our further discussion the following reso-
sured. In practice, an adaptator needs to be custom-made mance frequencies for comparison with the other frequencies:
fix the object to the support. Within the measuring probe arthe resonance frequencfFm of the mouthpiece Km

1. Input impedance measurement

1628 J. Acoust. Soc. Am., Vol. 104, No. 3, Pt. 1, September 1998 Gilbert et al.: Artificial lips and brass instruments 1628



TABLE |. Frequency(Hz), quality factor(dimensionless and magnitude

(dB) of the eight first resonances of the trombg@®urtois model 14Pwith ia
its mouthpiecgBach model Megatone'8 AM).
49
Resonance @
number FrequenciHz) Quiality factor Magnitud€dB) 3 39
1 38.1 8.4 25.5 T m
2 111.3 18.1 23.9 :
3 169.1 19.8 22.2 o
4 228.2 24.6 21.6 ;
5 290.8 24.9 22.4 2
6 343.3 34.6 22.1
7 399.2 31.1 18.4 B
8 458.1 28.0 17.5
H
S

Phase

=545.6 Hz), and the resonance frequencies number 3, 4,
of the trombone Ft3=169.1 Hz, Ft4=228.2 Hz, Ft5
=290.8 H2.

2 180 2088 300
Frequency [Hz]

FIG. 4. A measured mechanical response of the lips. The value of the
mechanical response magnitu@kecibel representatioris expressed in ar-

C. Avtificial lip mechanical response bitrary units. The value of the phase is expressed in radian.

1. Mechanical response measurement

The aim of the experimental setup described below is tahe force applied to the lip. Because of the construction of
allow a mechanical characterization of the emboucfithe  the artificial mouth and to keep the embouchure constant
lip and its boundary conditions imposed by the position ofduring the measurement, the mouthpiece remains in position
the mouthpiece The mechanical response of the lip is ob- during the measurement. The frequency range used is below
tained by simultaneous measurement of lip vibratiesinga the resonance frequency of the mouthpiecém(
laser vibrometer Polytec OFV 30p@nd the acoustic pres- =545.6 Hz). We assume that the latter does not influence
sure in the mouth behind the lip and the jausing an elec- too much the mechanical response measurement of the lip.
tret microphone cartridge, Sennheiser KE#he lip is ex- To avoid degradation of the vibrometer signal through ab-
cited in forced oscillation by a sound sour@compression  sorption in the transparent box wall, the laser is focused on
loudspeaker driver, JBL model TRSQ0IThe mechanical the lip through the mouthpiece tube. The vibrometer detects
responsevibrometer displacement signal over mouth pres-the velocity of the vibration of the lip along the axis of the
sure signal is obtained by means of a dual-phase-lock-inlaser, which is the axis of the mouthpiece in our céee-
technique(Fig. 3). The frequency range of the swept sine is gitudinal vibration. In order to derive the mechanical re-
typically 50 to 500 Hz. sponse as defined below, we need the lip displacement. Thus

The source is positioned behind the lip; we assume thasfter the experiments the velocity measurements are divided
the pressure there is locally uniform, and representative oy j» to obtain the displacement results.

Bus IEEE Dual Phase Lock-in 2. Results
~tff—- .

The mechanical response of the lip is the response of the
longitudinal lip displacemen(in the flow direction to the
driving pressure as a function of the frequency. On the curve
presented in Fig. 4 we choose the lip frequency KRAO
Hz) as the frequency where we have the most pronounced

Harmonic
Generator

Multiplexeur

[ Amoticir [amotttier] [ ampirier | resonancéhighest magnitudewith a phase equal te- /2.
[5 T Incidentally, a phase equal ten/2 at the resonance corre-
= sponds to the “outward beating reed” behavior according to
Loudspeaker Microphone Laser vibrometer g
the model of Elliot and Bowshd1982.
Loudspeaker Air supply Testing the artificial mouth, we have observed that the
\ J"/ Control of the most efficient parameter to control the embouchure is the
LN\ position of the e H H H H
= v Jow position of the mouthp|e_ce relative to the I|p This parameter
vibrometer o ™~ Jaw f controlling the geometric boundary conditions of the lip is
1 == = more effective and accurate than the control parameter of the
lip tension. Mechanical responses of the lip have been mea-
Mouthpiece ?mmphone sured for different settings of the embouchure. For an in-

crease of the static pressure of the mouthpiece on the lips, we
FIG. 3. The mechanical response measurement setup. observe an increase of the lip frequency Flip from 120 to 260
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Hz. These frequencies are compared with playing frequen- 6ag
cies following an experimental procedure described in the
next section. -

Fplayl = Fm

Il. COMPARISON OF TUBE RESONANCE, LIP 4pB |-

RESONANCE, AND PLAYING FREQUENCIES

(Hz]
,

A. Experimental procedure

Once the mouthpiece is fixed in position, for a particular
setting of the embouchure, the experimental procedure is car-
ried out as follows: o

(1) We generate a stable sound with the mouthpiece «®
alone. This is done by a slow increase of the supply pressure
until stable buzzing of the lip is achieved. We measure the
corresponding fundamental oscillation frequelitye played
frequency Fplay corresponding to the mouthpiece alane Flip [Hzl

(2) We place the trombone on the mouthpiece. We '+1G. 5. The played frequency Fplayl as a function of the lip frequency Flip.

peat the procedure described(l) and we measure the fun- The resonator is the mouthpiece aldBach model Megatone'§ AM), its
damental oscillation frequendyhe played frequency Fplay resonance frequency Bm=545.6 Hz.

corresponding to the trombone and the mouthpiece

(3) The air supply is switched off, the trombone is dis- frequency of the mouthpiece and always above the lip fre-

mqntled, and the source of sour(d?e loudspeaker is uency. At first sight this is inconsistent with results of the
switched on. We perform the mechanical response measurg-

. . lassic one mass model: according to the “inward beating
ment on the lips. The mechanical resonance frequency of threeed” behavior, the playing frequency should be below both
lip is measuredthe lip frequency Flip :

. the resonance frequency and the lip frequency. According to
(4) We repeat the operatioft) to ensure that the em- the “outward beating reed” behavior, the playing frequency

bouchure has remained constant during the entire procedurghould be above both the resonance frequency and the lip
We then modify the embouchure and repeat the CompletFrequency(FIetcher, 1978 Moreover we found with the ar-

procedure. tificial mouth a second oscillation reginisee in Fig. 5 the

Notice that we haye pgrformed_ the mechamcal r€SPONSfir \rcation between the two regimes near the frequency lip
measurement of the lip with the air supply switched off to alue of 210 Hz which is not predicted by a single mass

have a direct characterization of the mechanical behavior o odel. This might be a second vibrating mode of the lip.

the embouchure, assumed uncoupled to the acoustic reSONG; oh a second lip mode could be a second longitudinal mode

oot moan flow could b an mteresting and useful exter22SeTved in the measured mechanical respasse the sec-
sion of the results described in this pa egr In this wa weOnd mechanical resonance around 80 Hz in Fglt4could

. paper. ; Y: W& iso be a transverse mode invisible in our measurements be-
could see how the coupling between the mechanical oscill

tor (the lip) and th tical illatéih thoi p %ause of the particular position of the vibrometer which mea-
or{the ip) and the acoustical osciialtin® MoUtnplece, Tor g, oq 1he lip vibration only along the axis of the mouthpiece.
example due to the airflow at the lip orifice, modifies the

eigenfrequencies of the coupled system, and consequently

modifies the Flip estimated from the vibrometer measure- seo
ment of lip vibration.

Fplayl
o

2pa | q\'

B L 1 1 1 1
5] 200 400 600

Fplay2 = Fm

B. Results and discussion
400 -

[Hz]

We have measured three frequencies for each embou-
chure: the played frequencies Fpjand Fplay, and the lip
frequency Flip. It is useful to present the played frequencies
as functions of the lip frequency. The results with two kinds
of acoustical resonators are presented, respectively: the
mouthpiece alonéFig. 5), and the trombone with its mouth- 2
piece(Fig. 6). Please note again that we have simplified the " >
artificial lips using only one lip: the second half of the
mouthpiece entrance, corresponding to the removed lip, is o : : : : :
closed with a plate. o 200 400 600

Figure 5 plots the frequency of the self-excited sound Flip C[Hz]

Fplay against the lip eigenfrequency Flip. As expected from 6. The plaved f Eoav function of the lio f -
. . . . . 6. The played frequency Fplay2 as a function of the lip frequency Flip.
the case of buzzing lips, the sound frequency increases W"ﬁe resonator is the trombor{€ourtois model 14Pwith its mouthpiece

the lip frequenc){- Some of the_ results are, however, UNe€Xgach model Megatone 1 AM), the useful resonance frequencies are
pected. The playing frequency is always below the resonancet3=169.1 Hz,Ft4=228.2 Hz, andFt5=290.8 Hz.

Fplay2 = Ft$§

Ftd

Fplay?2

208 + “ O

I

Fplay2 Ft3

Fplay2
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At the moment such hypotheses remain unconfirmed. Ii€opley and Strong, 1996and Gokhshtei{1981), using a
view of the existence of these two buzzing regimes, using aubtle and interesting visualization technique, observed that
two mass model for the lip becomes attractive. in the low register the human lips execute a wavelike motion.
During the experimental procedure, for each embouMoreover this two-mass model is attractive from the view-
chure we have placed the trombone on the mouthpiece. Forgoint of the trombone player: it could explain the ability to
variation of the lip frequency from 120 to 260 Hz, we have generate. self-§ustained lip oscil!ations over a large range of
obtained three notes corresponding to the resonance frequeinequencies without the mouthpiece and the instrungére
cies number 3, 4, and 5 of the trombone. The three note$uzz technique’). We are convinced that additional experi-
played are F3, Bflat3, and D4. Figure 6 plots the frequencynents on other artificial mouths in progres&rgez and Ro-
of the self-sustained sound Fplay against the lip eigenfredet, 1997; Culleret al, 1998 will in the near future provide
quency Flip with the resonance frequencies number 3, 4, ana better understanding of the buzzing lips behavior. Inci-
5 of the trombonéthe horizontal straight lines in the figore dently such experiments will supply parameter values for the
The bisection line where Fplay is equal to Flip is also drawntime simulations of brass instruments.
Between adjacent resonance modes, frequency gaps that rep-
resent the mode transitions between two adjacent notes ar®CKNOWLEDGMENTS
found. But in each resonance mode, the playing frequency
Fplay does not take a constant value. Instead, there is a fr%— I
guency range of Fplay where a self-oscillation is possibl u
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This behavior of the artificial mouth is quite similar to that
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