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Summary: In this tribute article to D.G. Miller, we review some historical and recent contributions to under-
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standing the myoelastic-aerodynamic (MEAD) theory of phonation and the related acoustic phenomena in sub-
glottal and vocal tract. At the time of the formulation of MEAD by van den Berg in late 1950s, it was assumed
that vocal fold oscillations are self-sustained thanks to increased subglottal pressure pushing the glottis to open
and decreased subglottal pressure allowing the glottis to close. In vivo measurements of subglottal pressures dur-
ing phonation invalidated these assumptions, however, and showed that at low fundamental frequencies subglot-
tal pressure rather tends to reach a maximum value at the beginning of glottal closure and then exhibits damped
oscillations. These events can be interpreted as transient acoustic resonance phenomena in the subglottal tract
that are triggered by glottal closure. They are analogous to the transient acoustic phenomena seen in the vocal
tract. Rather than subglottal pressure oscillations, a more efficient mechanism of transfer of aerodynamic energy
to the vocal fold vibrations has been identified in the vertical phase differences (mucosal waves) making the
glottal shape more convergent during glottis opening than during glottis closing. Along with other discoveries,
these findings form the basis of our current understanding of MEAD.
Key Words: Voice production Vocal fold vibration−Myoelastic-aerodynamic theory of phonation−Subglottal
resonances Vocal tract resonances.
INTRODUCTION
What makes the vocal folds vibrate? It is one of the oldest
questions of voice science and as such, different explana-
tions have been provided throughout history.1−3 Nowadays,
it has been generally agreed that the basic theory providing
the answer is the myoelastic-aerodynamic theory of phona-
tion (MEAD) formulated by van den Berg1 and further
elaborated by Titze and colleagues.4,5 In this paper, we will
highlight some of the basic insights into the MEAD theory
that have formed our current understanding of the mecha-
nisms of voice production. We will concentrate on the voice
production in humans; the principles of MEAD, neverthe-
less, have been found valid across most mammals and
birds.6,7

MEAD theory explains that the vibratory characteristics
of the vocal folds depend mainly on the elasticity of the
vocal fold tissues (forming the ELASTIC component of
MEAD). The elastic properties of the tissues have a major
influence on the fundamental frequency of the vocal fold
vibrations, very much like the frequency of string oscilla-
tions is governed by the elastic properties of the string.8,9

The elastic properties can be changed by laryngeal muscles
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(hence the term MYOELASTIC) making the vocal folds
stiffer or slacker thus changing the fundamental frequency
of the oscillations. The energy for vibration is delivered to
the vocal folds by air flowing from the lungs (forming the
AERODYNAMIC component of MEAD). Part of the
vibrational energy of the vocal folds dissipates within each
cycle due to tissue viscosity and therefore energy needs to be
added to the vocal folds throughout the vibratory cycles to
make the vocal fold oscillations self-sustainable.

By the end of 1950s, at the time of the formulation of
MEAD by van den Berg, it was generally assumed that the
pressure below the vocal folds, that is, the subglottal pres-
sure, rises when the glottis is closed and decreases when the
glottis is open. The mechanism of the vocal fold vibration
was explained as a consequence of two assumed effects:

a) the glottis being pushed open by the increased subglot-
tal pressure, and

b) the glottis getting closed when the escaped air through
the glottis lowers the subglottal pressure; the closure
being accomplished due to the recoil forces of the elas-
tic vocal fold tissues with the help of a sucking force
caused by the Bernoulli-effect.4
However, both these assumptions turned out to be incor-
rect and misleading when explaining the mechanism of the
self-sustained vocal fold oscillations. The Bernoulli effect,
that is, the negative pressure due to glottal airflow,10 is not
sensitive to the direction of vocal fold movement. Therefore,
it acts on the vocal folds similarly during glottal opening
and closing and does not support the vocal fold self-oscilla-
tions, unless changes due to glottis geometry or vocal tract
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reactance are involved.4 Furthermore, subglottal pressure
was not found to be increased at the instant of glottal open-
ing nor decreased at the instant of glottal closure. Therefore,
the understanding of MEAD has changed through the
years, as explained below.
MEASUREMENTS AND THEIR INTERPRETATION
FOR MEAD

Subglottal pressure variations during phonation
Crucial insights into the real variations of the subglottal
pressure during vocal fold oscillations were obtained by
measurements that were initiated in the Netherlands by van
den Berg and carried out in the 1980s by Schutte and
Miller11−15 and Cranen and Boves.16,17 They measured the
subglottal pressures in vivo using a pressure catheter that
was passed via the nose, pharynx and the cartilaginous glot-
tis, into the subglottal space just below the vocal folds. The
catheter contained pressure sensors that were placed below
the vocal folds registering the subglottal pressure, as well as
above the vocal folds registering the supraglottal pressure.
The catheter allowed the membranous part of the vocal
folds to oscillate freely. Besides the subglottal and supra-
glottal pressures, the vocal fold vibration was also moni-
tored using an electroglottograph, and the produced sound
was registered using a microphone in front of the mouth.
FIGURE 1. Left: Donald G. Miller in the Groningen Voice Research L
taining pressure sensors, inserted via his nose, pharynx, and larynx into th
ated sound. For the final experiments,11,13 also an electroglottograph (no
The captured waveforms in vowel [ɛ:] around the pitch B2 (120 Hz). Fro
supraglottal pressure captured c. 3 cm above the glottis; c) electroglottog
glottis. The vertical lines mark the approximate moments of glottis open
microphone signal was shifted to the left by 1.4 ms to compensate for th
The bold arrows show the pressure values at the beginning of the closed
end of the closed phase. The captured waveforms are provided in the sup
The experimentally observed signals captured by H.K.
Schutte on D.G.Miller are shown in Figure 1. The electro-
glottographic signal (Figure 1c) is used here as the reference
indicating the vocal fold contacting and decontacting events
from which the glottal closing and opening moments can
approximately be derived 18. The most striking finding is
that the subglottal pressure reaches its highest value not at
the moment of glottis opening but rather at the initial phase
of glottis closure (Figure 1d, bold arrow). Rather than ris-
ing, the subglottal pressure shows damped oscillations dur-
ing the glottis closed phase (interval between the bold and
thin arrow in Figure 1d). The opening of the glottis occurs
at an instant when subglottal pressure is at a much lower
value than it was at the beginning of the closure (Figure 1d,
bold versus thin arrow).

These results may seem, at first sight, contradictory to the
expectations of MEAD. How can the glottis close when the
subglottal pressure is high at that instant? How can the glot-
tis open, when the subglottal pressure is low at that instant?
Why is it that the subglottal pressure is lower at the opening
moment than at the instant of glottal closure? The original
explanation of MEAD assumed the exact opposite.

A more thorough analysis reveals, however, that these
findings do not conflict with MEAD but rather provide new
insights into how the MEAD and voice acoustic phenomena
are related. Now, the glottal closure should rather be seen as
ab around the year 1984, at the age of 51. He has a catheter, con-
e supraglottal and subglottal space. A microphone detects the radi-
t in the image) was used to detect the vocal fold vibrations. Right:
m top to bottom, the plots show: a) the microphone signal; b) the
raphic signal; d) the subglottal pressure captured c. 3 cm below the
ing and closure. For synchronization purposes, the time axis of the
e travelling time of the sound from the glottis to the microphone.
phase; the thin arrow indicates the subglottal pressure value at the
plementary sound files S1−S4. (au = arbitrary units).
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an event suddenly interrupting the glottal flow, which has
important acoustic consequences by exciting the oscillations
of the subglottal as well as supraglottal pressures.13,19 The
acoustic consequences of a sudden glottis closure in the
vocal (supraglottal) tract were recently illustrated and edu-
cationally explained by Chen and Miller.20 Here, we expand
the concept by including also the subglottal tract.
Acoustic events in the subglottal and supraglottal
tracts
Figure 2 considers the case when glottal closure suddenly
stops the glottal air flow (between phases 0 and 1). First, we
take a look at the events below the vocal folds, in the sub-
glottal tract. When the airflow is suddenly stopped, the air
column momentum causes a sudden rise of the subglottal
pressure due to sudden accumulation of air below the vocal
folds (Figure 2, phase 1). This local increase of air pressure,
however, tends to propagate quickly through the whole sub-
glottal space (Figure 2, phase 2−3). This propagation occurs
with the speed of sound − the local increase of pressure
below the vocal folds acts as a beginning of a sound wave,
which starts to propagate away from the vocal folds through
the subglottal tract. Since the subglottal tract acts as a
damped acoustic resonator, the acoustic wave reflects at the
boundaries and travels back and forth through the
FIGURE 2. Simplified illustration of the acoustic resonance events in
glottal closure. The glottal closure (change from phase 0 to phase 1) inte
vocal folds and local rarefaction of air above the vocal folds (phase 1).
folds at the speed of sound (phases 1−3). When reaching the ends of the
back (phases 4−6). Upon reaching the vocal folds, the waves reflect aga
phases 2−13), with a decreasing amplitude due to damping, until the g
event. For simplicity, the subglottal and supraglottal tracts are represent
outside space, respectively. The subglottal and supraglottal tracts are se
mants) are identical. In reality, the subglottal and supraglottal resonance
changes due to articulation. Color darkness corresponds to the air compr
gle arrows indicate the position and direction of the wavefront of the sou
the air particles throughout the different phases. The figure is an extended
subglottal tract with a decreasing amplitude (Figure 2,
phases 1−13). This is captured by the pressure sensor below
the vocal folds as damped oscillations during the closed
phase of the glottis (interval between the bold and thin
arrow in Figure 1d). The frequency of the damped subglot-
tal pressure oscillations corresponds to the resonance fre-
quency of the subglottal cavities forming the subglottal
formant. The lowest subglottal formant frequency has been
measured in humans to be in the range of 500−650 Hz and
the second subglottal formant frequency around 1200−1500
Hz.21−23 These subglottal formant frequencies are at the
boundaries of those for the vowels [ʊ, ɜ:, Ʌ] (as used in
words “hood, book,” “heard, Bert,” “hud, but”)24,25 and
also within the large formant ranges for the mid central
vowel [ə:].26,27 The sound of the subglottal pressure signal
can be listened to by playing the supplementary audio file
S3.

The sound above the vocal folds is determined by the oscil-
lating supraglottal pressure. This pressure follows a pattern
similar to the subglottal pressure, but with opposite polarity
(Figure 1b versus 1d). Whereas the glottal closure causes a
sudden increase of pressure below the vocal folds (Figure 1d,
bold arrow), above the vocal folds it causes a sudden
decrease of pressure (Figure 1b, bold arrow, also Figure 2,
phase 1). This is because of the inertia of the air column -
during the glottal closure the air column above the vocal
the subglottal and supraglottal (vocal) tracts triggered by sudden
rrupts the airflow and causes a local compression of air below the
These local pressure disturbances propagate away from the vocal
subglottal and vocal tract, the sound waves reflect and propagate

in (phases 7−9). The sound waves travel back and forth (repeating
lottis opens. A new glottal closure then initiates a new resonance
ed here by straight tubes with open ends towards the lungs and the
t to have the same length, so that their resonance frequencies (for-
events mostly occur at different frequencies as the vocal tract shape
ession − the darker the color, the more compressed the air. The sin-
nd wave. The double arrows indicate the direction of the velocity of
version of the illustration by Chen and Miller.19
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folds continues to move away from the vocal folds causing a
local decrease of air density and thus a local decrease of pres-
sure above the vocal folds.20,28−30 This sudden local decrease
of supraglottal pressure immediately starts to propagate
away with the speed of sound in the vocal tract20,29 (Figure 2,
phase 1−3). Since the vocal tract also acts as a damped
acoustic resonator, the sound wave travels back and forth in
the vocal tract (Figure 2, phases 1−13) with a decreasing
amplitude, similar to the subglottal tract. These damped
oscillations triggered by the glottal closure were named “tim-
brons”29 as they carry information about the voice timbre.
The frequency of these damped supraglottal oscillations
depends on the vocal tract shape and corresponds to the
vowel formants.20,29,31 Generally, when producing different
vowels at an identical fundamental frequency, the supraglot-
tal pressure waveforms and their corresponding sound differ,
while the subglottal pressure waveforms and their corre-
sponding sound remain almost identical, as demonstrated by
Miller and Schutte11,13 and by the supplementary sound files
S2 and S3, respectively. In the example of Figure 1, the vowel
[ɛ:] is used; its first formant has a frequency similar to that of
the first subglottal formant.24 Therefore, the periods of the
damped oscillations in the subglottal waveform are similar to
those in the supraglottal waveform in this particular case.
The damping is slightly greater in the subglottal tract than in
the vocal tract, however: notice that the within-cycle oscilla-
tions appear stronger in the supraglottal tract (Figure 1b)
than in the subglottal one (Figure 1d).

The phenomena recorded in Figure 1 have been verified
by repeated measurements as well as by modelling32 and
they invalidate the traditional historical explanation of the
mechanism of the vocal fold oscillations, which assumes
that the glottis is pushed open by the increased subglottal
pressure and closes when the pressure drops. Therefore, the
values of subglottal pressure at the instants of glottal closure
and opening are apparently not the key elements that drive
the vocal fold oscillations.
THE DRIVING MECHANISM OF THE VOCAL FOLD
OSCILLATIONS

To explain what drives the vocal folds oscillations, one
should take a closer look at how energy is delivered to the
vocal folds. The crucial pieces of information can be found
as early as in the studies of early computational models of
self-sustained vocal fold oscillations by Flanagan and Land-
graf,33 Ishizaka and Flanagan,34 and later in the theoretical
work of Titze.4,8,28

Subglottal pressure acts on the glottis from below and is
the driving force for the glottal airflow moving upwards. (In
phonation based on exhalatory airflow, the mean subglottal
pressure is generally higher than the supraglottal pressure
causing the air to flow upwards through the open glottis).
Subglottal pressure is, however, not the main element driv-
ing the vocal folds to open and close the glottis. The main
driving pressure for these vocal fold movements is rather
the intraglottal pressure, that is, the pressure in the glottis
just between the vocal folds.

The intraglottal pressure is influenced by the subglottal,
supraglottal, as well as by the Bernoulli pressure, depending
on the geometry of the glottis.28,35−42 In the simplest case of
the one-mass model of the vocal folds (Figure 3a,b), the
average intraglottal pressure pg in an open glottis can be
approximately expressed as

pg ¼ psub þ psuprað Þ
2

� pB ð1Þ

where psub, psupra and pB are the subglottal, supraglottal and
Bernoulli pressures, respectively.

The key for the self-sustained vocal fold vibration is that
the intraglottal pressure pg (not necessarily the subglottal
pressure psub) should be larger when the glottis is opening,
and smaller when the glottis is closing.4,43 This is called the
“push-pull effect,” which ensures the transfer of the aerody-
namic energy to the vocal fold movement.28 This effect
occurs when the following conditions are satisfied4,8,28,43:

A) the movement of the vocal tract air column above the
glottis is delayed, due to its inertance, relative to vocal
fold movement (The Vocal Tract Inertance Mecha-
nism, Figure 3a,b); or

B) the coronal shape of glottis is convergent during open-
ing and divergent (or, at least, less convergent) during
closing (Vertical Phase Differences Mechanism,
Figure 3c,d).

Below, we will discuss both mechanisms in detail.
A) The Vocal Tract Inertance Mechanism
As noted originally by Rothenberg,30,44 the inertance of the
air column of the vocal tract above the vocal folds is not
negligible, which means that during glottal opening this air
column can neither start its movement abruptly, nor can it
slow its movement down abruptly during glottal closing. In
terms of pressures, the inertance of the supraglottal air col-
umn causes a positive supraglottal acoustic pressure at glot-
tal opening (Figure 3a) and a negative supraglottal pressure
at glottal closing (Figure 3b). Mathematically, this can be
expressed by the formula

psupra ¼ I dU=dt ð2Þ
where I is the supraglottal (vocal tract) inertance, and dU/
dt is the time derivative expressing the rate of change of
the air flow.43,45 Since the rate of change dU/dt is positive
for glottal opening (ie, flow entering the supraglottal tract
is increasing) and negative for glottal closing (ie, flow
entering the supraglottal tract is decreasing) it makes the
supraglottal pressure psupra to be positive for glottal open-
ing and negative for glottal closing. The alternating
supraglottal pressure is transferred to the intraglottal
pressure (recall Equation 1), causing the push-pull on the
vocal folds for energy transfer.
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FIGURE 3. Two ways causing the intraglottal pressure to be larger during opening than during closing. A) Vocal tract inertance mecha-
nism (on the left). A one-mass model of the vocal folds is considered here. The inertia of the supraglottal air column makes the airflow to be
smaller during opening (a), than during closing (b). B) Vertical phase differences mechanism (on the right). A two-mass model of the vocal
folds is considered in this case. The convergent glottis (c) makes the subglottal pressure to be dominant inside the glottis during opening,
whereas the divergent glottis (d) makes the supraglottal pressure to be dominant during closing. Notice the changes of the pressure inside
the glottis - the larger the pressure, the darker the air column in the figure. In (c,d), the intraglottal pressure reaches the minimum at the nar-
rowest part of glottis where the largest flow velocities make the Bernoulli pressure strongest. Adapted from Titze.27
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The supraglottal inertance I causes the peaks of the pul-
sating glottal airflow to occur slightly later in time than the
maxima of glottal opening.30,43−46 Consequently, the glottal
airflow tends to be smaller during glottal opening than dur-
ing glottal closing. This causes the Bernoulli pressure inside
the glottis to be smaller during opening than during closing,
again causing the push-pull on the vocal folds for energy
transfer.

The inertial movement of the supraglottal air column in
the direction away from the glottis delays the initial decrease
of the glottal flow during closing and causes the final glottal
flow shutdown to be more abrupt than the glottal area shut-
down.30,43−46 The influence of the subglottal and supraglot-
tal tract on glottal airflow has been termed “Level 1
interaction.”45 The abrupt flow shutdown supports excita-
tion of the acoustic subglottal and supraglottal resonance
events (timbrons) illustrated in Figure 2.
The vocal tract inertance mechanism takes place naturally
when the fundamental frequency of the vocal fold oscillations
is below the first resonance (formant) frequency of the vocal
tract, where the reactance is positive (inertive).45,47 This is
usually satisfied at the fundamental frequencies of speaking
voice, but it fails for higher fundamental frequencies used, for
example, in singing when the vocal tract is compliant.45,47

That became apparent from the experiments with the first
computational model of self-sustained vocal fold oscillations,
that is, the one-mass model of Flanagan and Landgraf.33

When connected to the vocal tract, such a model was able to
produce phonations at the fundamental frequencies below
the first resonance frequency of the vocal tract. At some
regions of fundamental frequencies above the first resonance
frequency, the vocal tract was compliant, and the one-mass
model could not vibrate there.34 Furthermore, without the
vocal tract, the one-mass model could not vibrate at all.
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B) The Vertical Phase Differences Mechanism
In order to overcome the one-mass model limitations, Ishi-
zaka and Flanagan added a second mass to the model divid-
ing the vocal folds into upper and lower parts.34 These two
parts can vibrate out of phase allowing the glottis to take
convergent or divergent shape, thus satisfying the B) condi-
tion (Figure 3c, d). The two masses can better approximate
the changes of the glottis geometry during oscillations that
have been observed on excised larynges48−51 as well as in
the in vivo investigations.52,53 Analyses show that, in healthy
conditions when the vocal fold mucosa is pliable, the lower
vocal fold margin vibrates ahead in phase compared to the
upper margin.49,54−56 This forms the basis for the so-called
mucosal wave, travelling from the bottom of the vocal folds
across the medial and superior vocal fold surface.57−62 The
vertical phase differences cause the coronal shape of the
glottis to be convergent during the opening phase and diver-
gent during the closing phase.28,50,63,64 The shapes of the
glottis at successive phases of the vocal fold vibration cycle
and their appearance in laryngeal videoendoscopic and vid-
eokymographic images are illustrated in Figure 4.
FIGURE 4. Illustration of the kinematics of the vocal fold vibration in
scopic (or high-speed videoendoscopic) view, and videokymographic vie
face lead to the phase differences between the motion of the lower and
shape to be convergent during opening and divergent during closing. In
ing glottis opening and becomes visible during glottal closing. When the
erally across the upper vocal fold surface. These phenomena form the t
Svec et al.63,64).
These changes in the glottal shape greatly influence the
intraglottal pressures acting on the vocal fold surface, which
depend on the subglottal, supraglottal and Bernoulli pres-
sures.28,35−42 The convergent shape makes the subglottal
pressure dominant during the opening, whereas the diver-
gent shape causes the supraglottal pressure to be dominant
during closing. This is illustrated in Figure 3c, d (for mathe-
matical expressions of these phenomena see Titze28). Since
the mean subglottal pressure is higher than the mean supra-
glottal pressure, the intraglottal pressures are generally
higher in a convergent glottis than in a divergent glottis,
thus providing the push-pull effect allowing the vocal folds
to self-oscillate.28,65 In principle, it is not necessary for the
glottis to alternate specifically between the convergent and
divergent shapes, but it is important for the glottis to take a
more convergent shape during opening than during closing.
When the vocal fold mucosa is stiff due to some pathology,
the vertical phase differences cannot be properly estab-
lished, and vocal fold oscillations are impeded.66−68

The vertical phase differences allow the vocal fold vibra-
tions to be self-sustainable also without the acoustic
ideal circumstances, as seen in coronal view, laryngeal videostrobo-
w. Mucosal waves travelling upwards on the medial vocal fold sur-
upper margin of the vocal folds. These cause the coronal glottal

the laryngoscopic views, the lower vocal fold margin is hidden dur-
mucosal wave reaches the upper margin, it continues to travel lat-
ypical vibratory pattern seen in videokymography. (Adapted from
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influence of the subglottal and supraglottal tracts. When
present, however, the sub- and supraglottal pressure oscilla-
tions modify the magnitude of the push-pull effect and inter-
act with the vocal fold vibratory movements. This has an
effect on the amplitude and frequency of the vocal fold oscil-
lations.45 The influence of the subglottal and supraglottal
acoustic events on vocal fold movement has been termed
“Level 2 interaction.”45 The amount of the interaction
between the glottal voice source and vocal tract can be
strengthened or weakened particularly by narrowing or
enlarging the epilaryngeal cavity of the vocal tract,
respectively.45,69,70 Problematic, compliant vocal tract
regions could be minimized with a narrow epilaryngeal air-
way, which raises the overall vocal tract inertance.45 The
variable resonance frequencies (formants) of the vocal tract
can influence the vocal fold vibrations in a variety of con-
structive and destructive ways. Voice instabilities have been
observed when the vocal tract resonance frequencies cross
the vocal fold fundamental frequency and vice versa.71−74

In contrast to the variable vocal tract resonances, the con-
stant subglottal resonances form predictable zones of funda-
mental frequencies at which the vocal fold oscillations are
impeded. These zones have been hypothesized to play a role
for the so called “passagio regions” for register transitions
detected in the singing voice.8,75
CONCLUSION

The basic mechanisms of voice production
summarized
Taking into account all the phenomena mentioned above, the
mechanism of vocal fold self-oscillations can be, according to
the myoelastic-aerodynamic theory, summarized as follows:

During phonation, when exhalatory airflow starts, the glottal
constriction causes the air pressure below the vocal folds (ie,
subglottal pressure) to be higher than the pressure above the
vocal folds (ie, the supraglottal pressure).

The subglottal pressure pushes the lower margins of the two
vocal folds apart and the glottis starts opening. The upper
margin opens with a slight delay after the lower margin so
that the glottis takes a convergent shape. The vertical phase
differences form the basis of the mucosal wave travelling
upwards across the medial vocal fold surface.

While the intraglottal pressure drives the glottis to open (the
“push effect”), at some point the elasticity of the vocal fold
tissues will force the vocal folds to reverse the opening move-
ment to closing. The tenser the vocal folds, the sooner the
glottal closing starts and the higher the fundamental fre-
quency of the vocal fold oscillations.

Due to the vertical phase differences, the lower margin starts
the closing movement earlier than the upper margin and the
glottis takes a divergent shape (or less convergent shape than
during opening).
The divergent (less convergent) shape causes the intraglottal
pressure to drop, pulling the vocal folds together (the “pull
effect”). This allows the glottis to close; the closure is not a
necessity, however.

Due to tissue elasticity, the horizontal movement of the vocal
folds reverses its direction from medial to lateral, the glottis
starts opening from below again and the cycle repeats.

Notice that the vocal fold vibratory mechanism described
above is, in principle, independent of the acoustic resonance
phenomena in the subglottal and supraglottal tract. Indeed,
excised larynx experiments have shown that the vocal folds
are also capable of vibrating in anechoic laboratory condi-
tions when vocal tract and subglottal resonances are miss-
ing.76 Under normal in vivo conditions, however, the push-
pull on the vocal fold surfaces due to alternating pressures
from an inertive vocal tract can add to the push-pull
obtained from the convergent-divergent shape change.

The glottal opening and closing modulates the airflow pass-
ing through the glottis. The modulated airflow acts as the
sound source, which is well known from the source-
filter acoustic theory of voice production formulated by
Fant.19,31 Nonlinear effects due to the presence of subglottal
and supraglottal tracts (such as the effect of the non-negligible
vocal tract inertance), cause the glottal airflow waveform to
be skewed compared to the glottal area waveform, how-
ever.30,43−46 Furthermore, the presence of the subglottal and
supraglottal tracts triggers the acoustic resonance phenomena,
as indicated in Figure 2. The acoustic resonance phenomena
add formants to the resulting subglottal and supraglottal
sound and cause the subglottal and supraglottal pressure
waveforms to be rather complex, as shown in Figure 1. Such
complex pressure oscillations just below and above the glottis
then in turn interact with the voice source, influence the vocal
fold vibrations and can trigger nonlinear-dynamic voice phe-
nomena, such as pitch shifts, register breaks, etc.71−74,77

At the fundamental frequencies that are well below the
subglottal and supraglottal formant frequencies, the sub-
glottal and supraglottal acoustic resonances are strongly
excited particularly when there is full glottal closure − such
a case was considered in Figures 1 and 2. However, for pho-
nation to occur the glottis does not need to close fully - the
mechanisms mentioned above work similarly also in phona-
tions with incomplete glottal closure, as can often be
observed in persons with no voice complaints.78
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contributions to singing voice pedagogy include, for exam-
ple, studying and describing the resonance strategies in dif-
ferent singing voice registers,80,81 development of the
“VoceVista” software tool for visualization of the sound of
voice,82 development of a portable electroglottograph
“EGGs for singers” to be used in singing studios,83 and
much more. These contributions have been widely recog-
nized in the community of singing voice pedagogues and sci-
entists. His contributions to the fundamentals of voice
science, however, have remained to be known only to a nar-
rower circle of voice scientists. This paper acknowledges
some of these within a wider context of the development of
basic voice science and reduces the highly complex process
of voice production to its essential elements so that the
information is accessible also to nonscientists.
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