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Air sacs and vocal fold vibration: 
Implications for evolution of speech

Introduction

Air sacs are large cavities that are connected to the vocal tract, and that occur 
in many primates and other mammals (Frey et al. 2007). In particular, all 
apes have them, except for humans. There are many possible variations on 
the exact anatomy of  mammalian (and even primate) air sacs, and in  the 
location at which they connect to the vocal tract. They must therefore have 
evolved separately in different mammalian lineages. However, ape air sacs 
are all of the same type: lateral ventricular air sacs (Starck & Schneider 1960, 
Hayama, 1970, Hewitt et al. 2002) and are therefore likely to be an ancestral 
trait. The ventricles are small side branches of the vocal tract that connect just 
above the vocal folds. In chimpanzees, gorillas and orangutans the ventricles 
are the entrance tubes of  large (several liters in  some cases) cavities. In 
humans, on the other hand, lateral ventricles only exist as vestigial structures, 
and only in exceptional (pathological) cases do humans have small air sacs, 
called laryngocoeles (Stell & Maran 1975).

It is also interesting to  note that, at least in  the Homininae (gorillas, 
chimpanzees, bonobos and humans) there appears to  be a  correlation 
between the shape of  the hyoid bone and the presence or absence of  air 
sacs. The hyoid bone (Figure 1) is the only bony part of the vocal tract and 
the muscles of the larynx and the tongue connect to it. The hyoid bone has 
a  cup shaped extension (called the hyoid bulla) in  gorillas, chimpanzees 
and bonobos, but lacks this cup shaped extension in humans (Kohlbrugge 
1896, Brown & Ward 1988, Aiello & Dean 2002, Alemseged et al. 2006, 
Fitch 2009). The connection between the ventricles and the air sac passes 
underneath this bulla. Hyoid bones sometimes fossilize, and it has been 
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found that Neanderthals (Arensburg et  al. 1989, Arensburg et  al. 1990) 
and Homo heidelbergenis (Martínez et al. 2008) have a hyoid bone without 
a bulla, while Australopithecus afarensis (Alemseged et al. 2006) appears 
to have a bulla. This indicates that air sacs disappeared somewhere between 
3.3 million years ago and 500 000 years ago in human evolution.

Figure 1. �Comparison of a human and chimpanzee (female) hyoid bone. Note the 
large bulla of the chimpanzee hyoid.  This is hollow on the inside and 
contains the connection to the air sac. In the male hyoid there is no bulla, 
only a small ridge. Based on replicas made by Bone Clones

Primate researchers have written a  lot about the function of  air sacs 
(Negus 1949, Starck & Schneider 1960, Avril 1963, Gautier 1971, Schön, 
1971, Marten et al. 1977, Hilloowala & Lass 1978, Haimoff 1983, Schön 
Ybarra 1986, Harrison 1995) and also about the relation between human 
speech and the absence of air sacs in humans (Camper 1779, Kohlbrugge 
1896, Fitch 2000, Hewitt et al. 2002, de Boer 2008b, Fitch 2009, Hombert 
2010). However, most of this was not based on accurate investigation of the 
physical effects of air sacs. Recent research that does make use of accurate 
physical models (Riede et al. 2008, de Boer 2009) has indicated that air sacs 
have an important effect on the acoustics of vocalizations and it is therefore 
interesting to  investigate whether disappearance of  air sacs could have 
something to do with complex vocal communication, i. e. speech or singing. 

Air sacs can have three effects on vocalization: on the acoustics of the 
upper vocal tract (which frequencies are amplified and which are attenuated), 
on the radiation of sound (how efficiently the sound is radiated) and on the 
source of the sound (vocal fold vibration). Effects on the upper vocal tract and 
on radiation have been explored elsewhere (de Boer 2008a, Riede et al. 2008, 
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de Boer 2009). Interaction on vocal fold vibration with respect to the power 
of the radiated sound has also been explored elsewhere (Riede et al. 2008). 
This paper focuses on another aspect of vocal fold vibration: its regularity. 
It has been proposed that air sacs can cause vocal fold vibration to become 
irregular (Fitch et al. 2002, Riede et al. 2008). However, the significance for 
vocal communication of this is unclear. Fitch et al. (2002) have proposed that 
it could be positive, as it might help to highlight the resonance frequencies 
of the upper vocal tract, while Riede et al. (2008) propose that irregular vocal 
fold vibration might make it more difficult to produce different speech sounds. 
There exist computational models of irregularity of voicing of vocal tracts 
without air sacs (e.g. Hatzikirou et al. 2006, Titze 2008). There also exists 
a model that investigates vocal fold-vocal tract interactions in the presence 
of air sacs, but this has not been used to study irregularity of voicing (Riede 
et al. 2008). The model presented here investigates the effect of an air sac on 
the regularity of vocal fold vibration in the presence of an air sac. Irregularity 
of voicing has been found in many animals (Fitch et al. 2002) most notably 
in chimpanzees (Riede et al. 2007).

Vocal fold-vocal tract interaction

Most of the study of phonetics is based on the source filter theory (Fant 1960). 
This theory describes speech as consisting of  two, essentially independent 
components: a  source of  acoustic energy and a  filter that selectively 
attenuates and amplifies certain sounds in order to create different signals. 
The source is usually provided by vibration of the vocal folds, or by turbulent 
noise produced at narrow constrictions in the vocal tract (other sources, such 
as grinding of teeth or lip smacks, also occur but are less frequent). The filter 
is provided by the supralaryngeal vocal tract: the pharyngeal, oral and nasal 
passages. Its exact shape determines which frequencies are amplified and 
which are attenuated, and this in turn determines how the produced signal is 
perceived. The fact that the source and the filter can be controlled separately 
allows for great flexibility in producing a large range of speech sounds.

Although the independence of source and filter is only an approximation 
(and this is well-known by phoneticians), it nevertheless works very well 
to understand human speech. It has been found that the importance of vocal 
fold-vocal tract interaction increases when a  resonance frequency of  the 
vocal tract is close to the frequency with which the vocal folds would vibrate 
if there would be no interaction. This is usually not the case in human speech, 
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except for high vowels ([i], [u] etc.) in women (who tend to have smaller 
vocal folds, which therefore vibrate at higher frequencies). 

Another way in which the interaction between the vocal folds and the 
vocal tract can be increased is by decreasing the diameter of the epilaryngeal 
tube (Titze 2008; Titze et al. 2008). This is the part of  the supralaryngeal 
vocal tract just above the vocal folds, and its diameter can be controlled by 
actions of the pharyngeal muscles. The reason that a narrower epilaryngeal 
tube increases interaction is that it results in  larger velocities of  the air 
flowing from and to the vibrating vocal folds, thus increasing the forces that 
act on them.

Figure 2. � Schematic depicition of the vocal tract model with air sac and the vocal 
fold model

Interaction between the vocal folds and the vocal tract can have a number 
of effects. It can change the amount of subglottal pressure required to make 
the vocal folds vibrate, even rendering it almost impossible to  make the 
vocal folds vibrate at all (Riede et al. 2008, Titze 2008). Titze (Titze 2002, 
2008) has found that the right combination of  subglottal and supraglottal 
impedances can help to increase output of acoustic power (for tracts without 
air sacs, but there is no reason why his findings would not be valid for tracts 
with air sacs). Frequency of vibration is also influenced, such that sudden 
frequency jumps can occur when the resonance frequencies of the vocal tract 
cross the vocal fold vibration frequency (Titze 2008, Titze et al. 2008). These 
effects can become even more complicated, to the extent that interaction can 
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lead to period doubling or tripling (subharmonics) and even chaotic vibration 
(Hatzikirou et al. 2006; Titze 2008).

Air sacs add an extra low-frequency resonance to the acoustic response 
of the supralaryngeal vocal tract (de Boer 2008c, Riede et al. 2008, de Boer 
2009). For air sacs of the size as those found in apes, this frequency is in the 
range of  100–200  Hz. This is very close to  the frequency of  vocal fold 
vibration and this would increase vocal fold-vocal tract interaction. On the 
other hand, air sacs provide an extra output for air flowing through the vocal 
folds, and as (in lateral ventricular air sacs, as found in apes) the entrance 
of the air sac is very close to the glottis, this would serve to reduce the acoustic 
impedance of the epilaryngeal tube and thus to decrease air sac-vocal tract 
interaction. Riede et  al. (2008) do find interactions, but it is worthwhile 
to explore a somewhat larger range of possibilities than they have explored, 
in order to understand the importance of vocal fold-vocal tract interactions 
in the acoustic effect of air sacs. 

Model and Methods

A computer simulation of  vocal tracts with air sacs was used, as  using 
a  computer model allows for the largest flexibility in  exploring different 
tract configurations and vocal fold parameters. It is possible to  construct 
real-world physical models of the interaction between vocal tracts with air 
sacs and vocal fold vibration. This was done (in conjunction with computer 
simulation) by Riede et  al. (2008). However, physical models either use 
artificial vocal folds made from some flexible material or use vocal folds that 
have been excised from a dead animal. In both cases, it cannot be expected 
that the real-world models result in a better approximation to  living vocal 
folds than a computer model would. Of course, the computer model needs 
to be a simulation of the real vocal folds that has independently been shown 
to result in realistic behavior. 

The vocal fold model that is used here is a reimplementation of Titze’s 
(2002) body-cover model of  the vocal folds. Instead of  the two coupled 
masses that are usually modeled in  vocal fold models (Dudgeon 1970, 
Ishizaka & Flanagan 1972), it models translational motion of the vocal fold 
body and translational as well as rotational motion of the vocal fold cover. 
The model is illustrated in Figure 2. It was felt that the body-cover model 
is a slightly more elegant way of describing the physics of real vocal folds 
(which also consist of a body and a cover with different elastic properties) 
than the two-mass model, although they are likely to be equivalent in their 
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behavior. The  model has six degrees of  freedom: body translation and 
translational velocity, cover translation and translational velocity, cover 
rotation and cover rotational velocity. Parameter settings were as  in Titze 
(2002), unless otherwise stated.
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Figure 3. �Spectrograms of different vocalizations generated with the model. From 
top to bottom and from left to right: no air sac without intonation (at default 
settings), no air sac with intonation (created by manipulating vocal fold 
elasticity), soft air sac with regular phonation (at 500 Pa lung pressure), 
soft air sac with irregular phonation (at 800 Pa lung pressure), hard air sac 
with regular phonation (at 2000 Pa lung pressure) and hard air sac with 
irregular phonation (at 2000 Pa lung pressure and with r = 2.28 cm)

Both the trachea and the vocal tract were modeled using the electrical 
line analog from Flanagan (1965, section 3.2). The trachea was taken to be 
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12 cm long, and to have a diameter of 2 cm (Titze 2008), while the upper vocal 
tract had a length of 16 cm and a constant diameter of 2 cm (unless otherwise 
stated), thus modeling an approximation of the vowel [ə]. The trachea was 
modeled with 4 circuits, each representing a 3 cm long tube, while the upper 
vocal tract was modeled as six sections that were all equally long (2 2/3 cm). 
Damping due to viscous losses in the air flow and due to thermal conduction 
was modeled, but flexibility of  the walls was not modeled. Flanagan’s 
original specification is for harmonic oscillations at a specified frequency, 
and its parameters for damping were frequency-dependent. As calculations 
in  the present model were done in  the time domain, a fixed value for the 
damping parameters had to be used. It was decided to calculate these for 100 
Hz. This resulted in somewhat stronger damping at high frequencies than for 
the values specified in Maeda’s (1982) time domain model, but subjectively 
judging vocalizations produced by our model indicate that damping was 
still less than realistic for higher frequencies (the vocalizations still had 
a slight “ring” to them). Radiation at the mouth was also incorporated using 
Flanagan’s (1965) model.

The air sac was modeled using de Boer’s (2009) model. It has a neck 
length of 3 cm, a neck diameter of 1 cm, and is spherical with a radius of 5 cm 
(unless otherwise specified). This model is only valid for low frequencies 
because at higher frequencies wave propagation in  the air sac cavity can 
no longer be approximated by a  one dimensional wave. However, as  the 
interactions between vocal folds and the upper vocal tract are dominated by 
the lower frequencies and as the chaotic nature of the vocal fold vibrations is 
also already apparent at lower frequencies, a low-frequency approximation 
was sufficient for the purposes of this paper.

Acoustic output was determined by calculating volume velocity of the 
flow from the mouth and from the air sac surface. These were added in order 
to calculate total volume velocity, thus assuming that the distance between 
the air sac and the mouth is negligible compared to the wavelength of the 
radiated sound. Again this holds for the frequencies that are relevant for 
vocal fold-vocal tract interactions.

The complete model had 32 degrees of freedom: 6 due to the vocal fold 
model, 8 due to the model of the trachea, 5 due to the air sac model, 12 due 
to the model of the upper vocal tract and one due to the radiation at the lips. 
It was simulated using the Matlab (version 7.3.0) ode45 function, which is 
based on a fourth/fifth order Runge-Kutta method using the Dormand-Prince 
pair (Dormand & Prince, 1980) with default tolerances. In cases were the 
ode45 function did not give satisfactory results (out of memory errors were 
sometimes generated because the required tolerances could not be met), the 
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ode15s function (Shampine  &  Reichelt 1997) was used. This function is 
more suited for stiff problems. It was used for the simulations with hard-
walled air sacs and for the simulations of higher lung pressure in the system 
without an air sac.

The duration of  the simulated signals was two seconds. The  first 
second was discarded in order to get rid of initial fluctuations due to onset 
of  vocalization. At the very beginning of  the signal, lung pressure was 
increased from 0 to  the desired value in 0.05 seconds, using a half period 
of a cosine in order to prevent an abrupt transition (and the accompanying 
problems for numerical simulation). Five thousand equally spaced samples 
were taken from t = 1–2s of the calculated signal, and on the basis of this 
the correlation dimension (such as used by Kakita & Okamoto 1995) of the 
phase portrait of the six degrees of freedom of the vocal folds was calculated. 
This was done separately for the first 2500 samples and for the last 2500 
samples in order to get an estimate of how stable the measure was over time. 
Before calculating the correlation dimension, the phase portrait was scaled 
so that the range of all degrees of freedom was between 0 and 1 (this was 
done for all 5000 samples simultaneously).
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Figure 4. �Phonation regularity and intensity versus lung pressure. The upper graph 
is for tracts without air sac, the middle for a tract with a soft air sac and 
the lower graph for a tract with a hard air sac. The dotted and dashed lines 
indicated the correlation dimension of the phase space of the vocal fold 
vibration. The dotted line is for t = 1.0–1.5 seconds and the dashed line for 
t = 1.5–2.0 seconds of the calculated signal. A value of 1 indicates regular 
vocalization. The solid line indicates the strength of the sound produced
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Experiments

The influence of  different parameters of  the system on irregularity 
(chaoticness) of voicing was investigated. In order to get a first impression 
of what regular and irregular vocalizations with and without air sacs look like, 
a number of  spectrograms is presented in Figure 3. Regular vocalizations 
are characterized by regularly spaced harmonics of the vocal fold vibration. 
Irregular (chaotic) vocalizations still have some of  this regular structure, 
but also show energy spread out over the spectrum. It is intriguing to note 
that in the regular vocalizations with air sacs, most energy is concentrated 
at the resonance frequency of the air sac, while with irregular vocalizations, 
relatively more energy appears to  be present at the higher frequencies. 
The longer onset times of the regular vocalizations with air sacs is an artifact 
of  the fact that lung pressures were taken from the lower range at which 
vocalization occurred.

Riede et al. (2008) have observed that lung pressure is a very important 
factor in whether vocal fold vibration takes place, and because it can also 
determine whether vibration is regular or not, a  first experiment was run 
in which lung pressures between 400 and 3600 Pa were investigated for tracts 
without and with hard-walled and soft-walled air sacs. The hard-walled air 
sac had a stiffness of 23 GPa and a quality factor Q of 10 (modeled after the 
perspex material from which earlier experimental models [de Boer 2009] 
were made). The  soft-walled models had a  wall stiffness of  90  KPa and 
a quality factor of 1, modeled after real soft tissue (Fant 1972, Maeda 1982). 

The results of  lung pressure on regularity of  voicing are presented 
in figure 4. It can be observed from this figure that regularity of voicing does 
not just depend on the resonance properties of the vocal tract: for all air sac 
types, regularity of voicing also depends on lung pressure in  a non-linear 
way. It is not the case that below a certain lung pressure, there is regular 
voicing and above a  certain lung pressure, there is irregular voicing. For 
all air sac types there are regions where voicing is regular, surrounded by 
regions where voicing is irregular. 

It can also be observed that for tracts with a hard-walled air sac attached, 
the pressure required for phonation to take place at all is much higher than 
for tract without air sacs or for tracts with a soft-walled air sac. Whereas for 
the latter two types, phonation occurred at lung pressures as low as 400 Pa, 
for the tract with the hard walled air sac, a minimal lung pressure of 1800 Pa 
was required. This is probably due to the fact that for the dimensions of the 
air sac selected for this experiment, the resonance frequency of  the hard-
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walled air sac was very close to the preferred frequency of vibration of the 
vocal folds (about 120 Hz, more about this below).

Finally, it can be observed that acoustic output of the soft-walled air sac 
is an order of magnitude higher than that of either the tract without the air 
sac or the tract with the hard-walled air sac. This has to do with the fact that 
the soft-walled air sac functions as a much more efficient radiator of sound 
around the frequency at which the vocal folds vibrate.

1 2 3 4 5 6 7 8 9 10
0

1

2

3

C
or

re
la

tio
n 

D
im

en
si

on

1 2 3 4 5 6 7 8 9 10
0

2

4

6

x 10
4

R
M

S
 V

ol
um

e 
V

el
oc

ity
 (c

m3 s−1
)

1 2 3 4 5 6 7 8 9 10
0

1

2

3

Sac Radius (cm)
1 2 3 4 5 6 7 8 9 10

0

2

4

6

x 10
4

Figure 5. �Correlation dimension of the phase space of vocal fold vibration and output 
intensity for vocal tracts with soft-walled (upper graph) and hard-walled 
(lower graph) air sacs. Dotted lines show the correlation dimension for 
t = 1.0–1.5 s and dashed lines for t = 1.5–2.0 s. A correlation dimension 
of 1 corresponds to regular phonation. Solid lines show output volume 
velocity (a measure of intensity)

Lung pressure therefore appears to be an important factor in determining 
whether voicing is regular, but the acoustic properties of the vocal tract are 
also important (Kakita & Okamoto 1995, Hatzikirou et al. 2006, Riede et al. 
2008, Titze 2008, Titze et al. 2008). 

It is therefore necessary to investigate what happens when the properties 
of the vocal tract are changed at constant lung pressure. A range of air sac 
sizes from 1 cm to 10 cm radius was explored. As 800 Pa has been proposed 
as a normal lung pressure, it would have been ideal to explore all tracts at 
this lung pressure. However, tracts with hard-walled air sacs did not achieve 
phonation at this lung pressure. It was therefore decided to  explore hard-
walled sacs at 2000 Pa, near the minimal pressure required for phonation 
to take place. Soft-walled air sacs were explored at 800 Pa lung pressure.
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The results of  this exploration are presented in  Figure 5. It can be 
observed that for soft-walled air sacs a transition from regular to irregular 
phonation takes place at an air sac radius of about 4 cm. For hard-walled 
air sacs, the picture is more complicated. There are several regions where 
voicing is irregular: at a radius between 1.5 and 3 cm and at a radius of 5 to 6 
cm. For larger hard-walled air sacs, voicing appears to become regular again. 
It can also be observed that for air sacs with a radius between 4.5 and 5.5 cm, 
phonation becomes very weak. Interestingly at a radius of 5 cm, phonation is 
regular, but as could be seen in Figure 4, also very weak.
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Figure 6. �Resonance frequencies of hard-walled and soft-walled air sacs of the 
dimensions used in figure 5, and the first three harmonics of vocal fold 
vibration

These effects are most likely related to  the preferred frequency 
of vibration of the vocal cords being close to the resonance frequencies of the 
upper vocal tract. Figure 6 shows the frequency of the first resonance of the 
vocal tract with soft and hard-walled air sacs, as well as the first, second and 
third harmonics of the unconstrained (rotational) vibration of the vocal fold 
cover (which for the parameter settings from Titze [2002] is 120 Hz). It can 
be observed that the dip in output power of the hard-walled air sac occurs 
almost exactly at the location where the resonance frequency of  the vocal 
tract crosses the preferred frequency of the vocal folds. This concurs with the 
observations by Titze et al. (Titze 2008, Titze et al. 2008) on tracts without 
air sacs. There also appear to be relations between irregular vocalization and 
the crossing of the third harmonic and the resonance frequency of the tract 
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with hard-walled air sacs, and between onset of  irregularity and crossing 
of the second harmonic and the resonance frequency of the tract with soft-
walled air sacs. However, without further theoretical understanding it is 
difficult to assess whether these relations are accidental or not. 

Conclusion

Interaction between vocal fold vibration and the vocal tract was modeled for 
vocal tracts with air sacs, and it was investigated how the properties of the 
upper vocal tract influence the regularity of vocal fold vibration. It was found 
that for constant vocal tract shape, a first determinant of whether voicing was 
irregular was lung pressure. Although it appears that in general the larger 
the lung pressure, the more likely it is that vocal fold vibration becomes 
irregular, this is certainly not a simple relationship: there were cases of low 
lung pressure with irregular voicing as well as cases of high lung pressure 
with regular voicing for both soft and hard-walled air sacs, and for vocal 
tracts without air sacs. 

The expectation that irregularity of voicing occurs when (first, second 
or third) harmonics of  the preferred vocal fold vibrations are close to  the 
resonance frequencies of  the vocal tract appears to  be borne out by the 
experiments presented here. However, given that the ranges of air sac size 
where vocalization is uniformly regular or irregular are somewhat broad, 
there is no very clear correlation between resonance frequency of  the air 
sac and whether vocalization is irregular or not. Also, it appears that when 
the air sac resonance frequency drops below the first harmonic of vocal fold 
vibration (such as for hard-walled air sacs with radius larger than about 6 cm) 
interaction ceases, and vocalization becomes regular again.

Thus, the picture of  the relation between air sacs and regularity 
of voicing does not appear to be a simple one. However, for the evolutionarily 
most interesting case – that of large soft-walled air sacs (such as are found 
in gorillas, chimpanzees and orangutans) – voicing appears to be irregular for 
large size ranges and large ranges of lung pressure. Although it should be kept 
in mind that the results presented here have been derived from a simplified 
model, it is likely that real air sacs would also result in  destabilization 
of vocal fold vibration. Given that interaction increases with larger air flow 
through the glottis, this is understandable: the vibrating walls of the soft air 
sac periodically increase and decrease the volume of the air sac and therefore 
create important air flow, part of which interacts with the vocal folds.
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It is possible that irregular vocalization helps to  smear out acoustic 
energy over the spectrum, which as proposed by Fitch et al. (2002) would 
make it easier to  locate the exact position of  formant frequencies. On the 
other hand, the increased interaction between vocal folds and the vocal 
tract when a soft-walled air sac is present tends to concentrate the acoustic 
energy at the resonance frequency of  the air sac (Figure 3). At the same 
time, the position of formants can also be clarified using frequency sweeps 
(intonation) as is usual in human speech (illustrated in Figure 3). Therefore, 
the spread of acoustic energy would not seem to be a very big advantage 
(if it is an advantage at all). The increased irregularity of voicing would be 
a  disadvantage for producing speech-like sounds; however, as  for human 
speech, timing of onset of vocal fold vibration is very important, for example 
in the distinction between voiced and voiceless plosives.

The powerful low-frequency vocalizations that can be produced with soft-
walled air sacs would help an animal to sound impressive (Fitch & Hauser 
2002) and to project its calls as far as possible in a jungle environment (Marten 
et al. 1977). It is likely that this would confer an evolutionary advantage.

It has been shown in the earlier work (de Boer 2008b, Riede et al. 2008, 
de Boer 2009, 2010) that the effect of air sacs on the resonance patterns of the 
vocal tract appear to be advantageous for simple primate vocalizations, such 
as ones used in dominance interactions or used for territorial defense, but 
disadvantageous for creating subtle acoustic distinctions necessary for speech. 
From the work presented here, it also appears that the increased interaction 
between vocal fold vibration and the upper vocal tract is advantageous for 
producing loud, low-frequency calls, but disadvantageous for producing 
large sets of precisely timed, subtly distinct sounds. The investigation of the 
interaction between vocal fold interactions and vocal tracts with air sacs 
presented here, although preliminary and incomplete, supports the hypothesis 
that the evolutionary disappearance of air sacs is related to the emergence 
of complex vocal communication.
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