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1. Introduction

Various investigations of the acoustic properties of consonant sounds and of the cues
for consonant perception have shown that the acoustic correlates of a number of conso-
nantal features are highly context-dependent. The acoustic correlates for place of artic-
ulation, for example, depend upon the vowel or other segment that follows the consonant,
the stress on the adjacent vowel, the manner of articulation of the consonant, and its
voicing characteristics.

In spite of this apparent lack of invariance, it is recognized that, at a stage when a
child is acquiring language, he needs some basis on which to organize and classify the
acoustic events in speech. Some invariant property must exist in the acoustic events
assoclated with phonetic segments that have a particular feature in common, so that a
child can identify these events as belonging to the same category or feature,

In this report we examine the acoustic properties that differentiate vowels from con-
sonants and that identify the principal places of articulation for consonants., We show
that under many circumstances there are indeed acoustic correlates for the feature
[+consonanta1] and for the labial, coronal and velar places of articulation that occur
almost universally in language. These acoustic attributes are associated with the rapid
spectrum change in the 20-odd ms following the release of a consonant into a following
vowel, These properties do not identify the features in all phonetic environments, but
they are effective in a large number of situations, particularly when the consonants are

in prestressed position. It is postulated that the child initially utilizes property
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detectors to classify consonantal speech events in a canonical consonant-vowel environ-
ment and subsequently develops a more detailed internalized structure of the acoustic
correlates for each phonetic category including various context-dependent secondary
cues, At a later stage, these secondary cues can be used to decode the acoustic signal

even when the primary properties are absent.
2. Vowel-Consonant Dichotomy
a. Results from Studies of Speech Perception

Some experimental results have suggested that the auditory processing of consonants
is qualitatively different from the processing of vowels and vowel-like sounds.1 Among
the experimental findings in support of this view are data on the identification and dis-
crimination of speech sounds, and the results of listening studies with competing
syllables in the two ears. For certain consonantal stimuli there are peaks in the dis-
crimination of small changes in the acoustic signal in the vicinity of a phoneme boundary,
whereas listeners have poor discrimination for stimuli that are identified as being within
the same phonetic class.2 For vowel stimuli, on the other hand, there are essentially
no peaks in the discrimination of small changes in formant frequencies in different vowel
regions, and ability to discriminate stimuli far exceeds identification per‘f<:»rmance.3'4
The dichotic listening experiments show that there is a right-ear advantage for com-
peting consonant stimuli but not for vowels, which suggests that the left hemisphere,
which is known to be involved in speech perception, somehow plays a greater or more
direct role in consonant perception than in vowel perception.5

In a more recent series of experiments, Crowder‘6 examined the ability of subjects
to recall lists of syllables that differed in the vowel components in one set of experi-
ments or in the consonant components in another. He concluded that vowels can be
placed in some kind of precategorical store for a time interval of one or two seconds,
where they are accessible to the listener for further processing and categorization,
whereas stop consonants are classified directly and are apparently not placed in such

a store before being decoded into features.

b. Acoustic-Articulatory Observations

The apparent vowel-consonant dichotomy in the perception of speech has a counter-
part in the acoustic characteristics of these two classes of segments, If we examine
the properties of the sound output that results from various sequences of vocal-tract
and laryngeal configurations, we observe that there are two distinct types of sounds
depending on the nature of the articulatory gestures that give rise to the sound.

Vowel and vowel-like segments are produced with a relatively open vocal-tract con-
figuration and with the acoustic excitation at the glottis. The acoustic properties during

these intervals when the vocal tract is relatively open persist for an appreciable time
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interval (at least several tens of milliseconds) or change only slowly within this time
interval. For this type of sound output the short-time spectrum at a given point in time
provides information concerning all relevant aspects of the vocal-tract configuration at
that time. All vocal-tract resonances are directly observable in the signal, and in effect
these resonances determine the vocal-tract shape.

If we regard a vowel-like segment as characterized by a target configuration of the
vocal tract, then to the extent that this configuration is actually reached in running
speech the properties of the acoustic signal at this time indicate all of the features of
the segment. Under some circumstances, the target configuration may not be reached,
because of the influence of adjacent segments.7 When there is such a deviation from
the idealized target, the features of the segment must be inferred by examining the
acoustic spectrum over an interval of time. For example, if the trajectories of the
first two or three formants are known, it may be possible to "compute” the target con-
figurations of the underlying segments, even though these configurations are never
reached, This would require storing certain properties of the signal in some precate-
gorical form over a period of a few hundreds of milliseconds (or even for a second or
more) before decoding the signal into phonetic units or features. Such a memory would
also be needed to establish reference data concerning average formant spacing for a
given speaker against which the formants of adjacent vowels can be compared.

Most types of consonant segments in most phonetic environments have the common
acoustic attribute that a rapid change in the acoustic spectrum occurs at the release of
the consonantal constriction at the onset of the following sound.8 The rapid change of
spectrum occurs in the frequency range above 1 kHz (i.e., in the region of the second
formant and above), and the major portions of the spectrum change take place within a
time interval of ~20 ms from the release. (This method of classifying consonantal
sounds is similar to the acoustic feature transitional, proposed by Fant.g’ 10) The
rapidity of this spectrum change is greater than that observed for the segments /w,y/,
for which the changes in formant frequency occur more slowly, and for which there is
no abrupt onset of energy immediately preceding the spectrum change. The contrast
between the slow spectrum change for the glides /w,y/ and the rapid spectrum change
for the stop consonant /d/ is illustrated in Fig., VIII-1, which shows spectra sampled
at 10-ms intervals at the onsets of syllables with these initial consonants.

This type of rapid spectrum change following an abrupt onset of energy is in fact
characteristic of segments with the feature [+Consonanta1], as defined by Jakobson,
Fant, and Halle11 and by Chomsky and Halle.12 This acoustic characteristic is in evi-
dence consistently when the consonantal segment is in prestressed position, i.e., in a
canonical consonant-vowel syllable., There are other phonetic environments, such as
in a consonant cluster or in syllable-final position, where a rapid spectrum change may

not be observed, and where the feature [+consonanta1] is cued by other acoustic evidence
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The acoustic events that constitute the cues for the features indicating place of
articulation for consonantal segments cannot usually be manifested while the vocal tract
is in the target configuration associated with the segment. These events occur when the
vocal tract is in motion between the configuration in question and the target configuration
for an adjacent segment. Thus, for example, for certain stop consonants no sound is
generated during the closure interval, when the articulators are presumably in a target
configuration appropriate for the consonant. Cues for the various features that identify
the stop consonant preceding a vowel occur when sound is produced immediately fol-
lowing the closure interval. These acoustic events exist during the few tens of milli-
seconds adjacent to the stop closure. Likewise, for a nasal or fricative consonant, only
some of the features can be identified from the attributes of the sound generated during
the time when the vocal tract is in the constricted position. The features that identify
place of articulation can only be determined from the attributes of the sound in the few
tens of milliseconds after the consonantal release.

The classes of segments having the characteristic that the features are not com-
pletely specified by acoustic events in the vicinity of the target articulation include all
segments for which the vocal tract has a narrow constriction in the midline. For such
configurations, either the source of acoustic energy is not at the glottis or the source
is at the glottis but the vocal tract from glottis to lips is not an open single tube; it is

a complex tube with side branches.

¢. Results from Studies of Auditory Perception

There is some evidence from psychoacoustic studies of a contrast between the per-
ception of sounds with slow spectrum changes and sounds in which rapid spectrum
changes occur within 20-odd ms of an onset of energy. In an investigation of the per-
ception of temporal order, Hirsh16 determined that the time needed for a subject to
identify which of two successive tonal stimuli occurred first was approximately 20 ms.
Nabelek and Hirsh17 found that the discrimination of changes in transition rate for brief
gliding tones or chirps was optimal when the transition durations were 20-30 ms. The
tentative conclusion of these investigators was that "there are two mechanisms involved
in the discrimination of the rate of change of frequency; one which is in action for fast
changes over larger frequency intervals, and the other one for slow changes especially

in small frequency intervals." 18

3. Cues for Certain Consonantal Features

The evidence just presented suggests that there are well-defined acoustic and artic-
ulatory markers indicating the presence of a consonantal segment in the speech stream.
These acoustic correlates may not be observable for consonants in all phonetic environ-

ments, but they are especially evident when a consonant occurs before a stressed vowel,
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We examine now the acoustic correlates for certain other features of consonants, par-
ticularly those indicating place of articulation.

As indicated above, the relevant acoustic events occur within 20-30 ms following the
release of the consonant. It is traditional to describe these events in terms of the for-
mant transitions, particularly the transition of the second formant. We prefer to char-
acterize these transitions in terms of the changes in the overall acoustic spectrum
immediately following the release, rather than in terms of trajectories of individual
formants. For back vowels, the principal attribute of the spectrum is a broad concen-
tration of energy in the frequency range occupied by the first and second formants (F1
and FZ).

role in the perception of the vowel. Thus we would expect that the rapid spectrum

The third and higher formants are usually weak, and do not play a significant

changes that serve as cues for consonantal place of articulation would occur in the broad
FI-F2 energy concentration at the onset of the vowel. Front vowels, on the other hand,
are characterized by a broad concentration of energy formed by the relative proximity

of FZ and F3 (and ¥ in the case of high front vowels). This energy concentration can

apparently be viewe?l as a unit centered between FZ and F3 for low front vowels and in
the vicinity of F4 for high front vowels. It is appropriate, therefore, to examine how
this broad spectral unit is "built up," as it were, when a consonant is released into a
front vowel.

At the onset of a stop consonant, a burst of frication noise energy, often just a few
milliseconds long, precedes the onset of voicing (or precedes the onset of aspiration in
the case of an aspirated stop consonant). We shall assume that this burst can be con-
sidered as the initiation of the rapid spectrum change at the consonant release, if there
is spectral energy in the burst in the vicinity of the major spectral peak for the vowel.
Thus the initial burst of energy in syllables beginning with /g/, and the burst for sylla-
bles with a front vowel preceded by /d/ would be considered as part of the rapid spec-
trum change, whereas the d-burst in a syllable with a back vowel would not. (We have
carried out experiments on the perception of formant transitions preceded by noise
bursts, and the results of these experiments support this view of the role of the noise
burst. These experiments will be reported elsewhere.) The burst at the onset of the
consonant /b/ is relatively weak, and may not play a significant role in shaping the rapid

spectrum change.

a. Context-Independent Cues for Place of Articulation in

Canonical CV Environment: Property Detectors

We concentrate our attention initially on cues for place of articulation in stressed
CV syllables. Syllables of this type occur universally in language, and children appear
to learn first to discriminate between different consonant places of articulation when the

consonant is in this environment. The implications are (i) that children are, in some
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sense, predisposed to respond to the acoustic properties that indicate place of articula-
tion in this environment, and furthermore, (ii) that ability to discriminate different

places of articulation in stressed CV syllables is a prerequisite for learning to extract

these features in other phonetic environments.

A rapid spectrum change in which the onset of energy at high frequencies precedes
the onset at lower frequencies characterizes a coronal consonant, i.e., a consonant pro-
duced with the tongue blade. For example, the falling second-formant transition in a
syllable containing /d/ or /n/ followed by a back vowel would result in a spectrum change
of this type. An example illustrating the spectrum change at the release of the initial
consonant in the syllable /na/ is shown in panel f of Fig. VIII-2. The four curves
represent short-time spectra sampled at 10-ms intervals, the first (and lowest) being
sampled immediately before the consonantal release. The spectrum change that occurs
in this interval can be described as either a falling F2 transition or an initial onset of
energy near the upper edge of the Fl -F2 energy concentration, followed by a delayed
onset of energy at frequencies below the upper edge. A similar sequence can be seen
in panel b in Fig. VIII-1 for the syllable /do/. Again the energy onset at the upper edge
of the broad Fl-FZ spectral peak precedes the onset of energy at lower frequencies.
These spectra were sampled after the initial high-frequency energy burst. Panels b
and d in Fig. VIII-2 show spectra sampled at 10-ms intervals near the release of the
consonants into front vowels in the syllables /di/ and /ne/. In these examples, the onset
of energy at the upper end of the broad high-frequency peak precedes the onset at lower
frequencies within the peak.

Labial consonants are generally characterized by a rapid spectrum change in which
the spectrum at the initial onset of energy has an energy concentration that is lower in
frequency than that in the spectrum sampled a few milliseconds later. Sampled spectra
at the onset of syllables with initial labial consonants are shown in panels a, ¢, and e
in Fig. VIII-2. In the case of the syllable /bi/ (panel a), the onset at the low-frequency
end of the major energy concentration for the vowel precedes the onset at higher fre-
quencies (but this attribute is not as clear as it is in panel ¢, for the syllable /me/,
where the rising second formant can be seen in the two upper spectra). For the syl-
lable /ma/ (panel e) this attribute is evident in the low-frequency FI-F2 peak.

Still another type of rapid spectrum change occurs for velar and other dorsal con-

sonants. In this case, the major energy concentration at the onset is in the middle fre-
quency range. Immediately following this onset there is a spreading or broadening of
the spectral energy to frequency regions above and below this middle range. These
characteristics arise from the initial noise burst that usually precedes voicing onset for
velar stops, followed by the transitions of the second and third formants — FZ usually
falling and F3 rising. We have previously19 reported examples of this type of rapid

spectrum change, as well as additional examples of spectra sampled at the onset of
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labial and coronal consonants.

It is suggested, therefore, that detection of place of articulation of stop and nasal
consonants preceding stressed vowels can be achieved if three different property detec-
tors are available in the receiver: (i) a detector that responds when the onset of energy
in one frequency region is followed by the onset of energy in an adjacent lower frequency
region; (i1) a detector that responds when the onset of energy in one frequency region is
followed by the onset of energy in an adjacent higher frequency region; and (iii) a detec-
tor that responds when the onset of energy in one frequency region is followed by the
onset of energy in both an adjacent higher frequency region and an adjacent lower fre-
quency region. The general form of the acoustic pattern that generates responses from
each of these property detectors is shown schematically in Fig, VIII-3. It is conceiv-
able that only two such detectors are required — one responding to rising spectral energy
and the other to falling spectral energy. Both detectors respond to a velar consonant in

which the energy at an onset spreads both upward and downward in frequency.

CORONALS LABIALS

Fig. VIII-3.

Schematic intensity-frequency-time patterns for
syllables with initial consonants having different
places of articulation. The crosshatched areas
indicate major vowel spectral prominences. The
rapid spectral changes at the onset of energy for

the various classes of consonants have different
VELARS o 19
temporal characteristics. (After Stevens. ")

FREQUENCY —

The acoustic data cited above are for the most part consistent with the results of

20,21 on the role of the second- and third-formant

experiments at Haskins Laboratories
transitions in the perception of initial stop consonants. Thus for syllables beginning
with coronal consonants, the second formant before back vowels is always falling and
the best responses are obtained when F3 is also falling, When the vowel is a front

vowel, there may be a slightly rising F_ transition, but this is offset by a strongly

falling F3 transition. The transitions of2 F2 and F3 are always rising in syllables
beginning with labial consonants. The synthesis experiments show that velar consonant
responses are obtained when F2 and F3 begin close together and then separate.

The simple classes of rapid spectrum change for labials, coronals, and velars are
clearest when the consonants precede the low back vowel /a/. The second formant for
this vowel is in an intermediate frequency region such that it rises strongly for labials
and falls for dentals, and F2 and F3

sonant. Spectral data consistently demonstrate the prototypical upward (for labials),

clearly separate after the release of a velar con-
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downward (for coronals). and spreading (for velars) spectrum shifts in the midfrequency
range for this vowel. These attributes are sometimes less consistent when the vowel is
a high vowel, and in these cases other cues may be required to identify the consonants.

The contribution of the various acoustic events at the onset of stop consonants has
been studied by Fischer-Jcé;v“gensen,22 who examined listener identification of initial stop
consonants under various conditions in which the initial burst or the formant transitions
were removed from the stimulus through tape-cutting techniques. The clearest findings
of these experiments were that the formant transitions constituted the strongest cue when
the consonants preceded the vowel /a/, and the initial burst could provide an important
cue in some consonant-vowel syllables with high vowels. Acoustic data show that this
initial burst contributes to the shape of the rapid spectrum change in syllables like /di/
and /gi/, where the burst is in the frequency region of the broad high-frequency energy
concentration for the vowel /i/.

All of these cues for place of articulation occur within the rapid spectrum change at
the onsets of consonant-vowel syllables. They identify features of place of articulation
without reference to acoustic events remote from this point in time. That is, these cues
are absolute properties of the speech signal, and are context-independent. Determina-
tion of place of articulation from these properties does not require that attributes of the
signal be placed in some kind of precategorical auditory store, since there is no need
to interpret one portion of the signal with reference to another portion that occurs at a
different time. That a precategorical store is not required for these consonants is con-

sistent with the findings of Cr‘owder.6

b. Context-Dependent Cues for Consonants

It is well known that strategies for identifying place of articulation for consonants
are based on much more than the detection of simple types of rapid spectrum change of
the type just described. For example, cues for place of articulation for certain fricative
consonants can reside in the spectrum of frication noise during the consonant, as well as

in the transition to the adjacent vowel.23’ 24

The spectrum of the initial burst of acous-
tic energy for a stop consonant (independent of a subsequent change in the acoustic spec-
trum) can provide a secondary cue for place of articulation, as can the spectrum of the
nasal murmur in some vowel environments. Furthermore, there may be slower formant
motions after the initial 20-30 ms rapid spectrum change, or the initial formant motion
may be small, and such a formant movement may be a cue for consonantal place of artic-
ulation or a cue whose interpretation depends on the context in which it occurs. A clas-
sical example of an exception to a simple property-detector theory is the contrast
between the two-formant synthesized syllable /di/, which has a slightly rising F', tran-
sition, and /du/, which has a strongly falling FZ transition. The third and higher for-

mants, which contribute to the net downward movement of the high-frequency energy
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concentration for front vowels (in spite of the slightly rising F2 transition), are, of
course, absent in these stimuli, and hence the "secondary" cue contributed by the rising
F2 in this particular vowel environment is all that is available to the listener. In pho-
netic environments other than initial prestressed position, formant transitions at the
end of a vowel can also indicate place of articulation for the consonant.

At least some (and perhaps all) of these secondary cues require that one part of the
sound stream be interpreted in the context of another part of the signal. That is, they
require that certain aspects of the signal be placed in precategorical store; the utiliza-
tion of these aspects for decoding the sound in terms of phonetic features must await the
occurrence of additional information in the signal, or must make use of information
stored from past acoustic events,

Although a variety of acoustic attributes can play a role in determining consonantal
place of articulation, it appears that for a majority of consonant-vowel syllables, the

labial, coronal, and velar categories have the simple primary context-independent char -

acteristics described above,

4. Property Detectors and the Acquisition of Phonetic Distinctions

At an early stage in the acquisition of speech, a child is observed to produce simple
consonant-vowel syllables and thus appears to make a distinction between vowels and
consonants. That is, he distinguishes between vowel-like sounds, which have slowly
varying spectrum changes, and sounds in which there is a rapid spectrum change in the
vicinity of an onset of energy in the signal.

If he is able to distinguish between vowel-like acoustic events and consonantlike
events, then he can develop the capability of classifying events within each of these cate-
gories. We postulate that he is equipped with two or three simple property detectors of
the type described above, and utilizes these detectors for initially organizing the conso-
nantlike sounds that are characterized by rapid spectrum change.

A substantial majority of all stressed syllables beginning with a nasal or stop conso-
nant (and many with an initial fricative consonant) would be correctly classified in three
categories, labial, coronal, and velar, if the infant were equipped with these detectors.
Stop and nasal consonants preceding the vowel /a/ would have the greatest probability
of being identified, since the characteristic rapid spectrum change is most evident in
these cases. These are the syllables that appear first in the child's productions.2

A few stressed CV syllables (particularly those with high vowels) would not be cor-
rectly classified, since the cues based on the rapid spectrum changes would sometimes
be ambiguous. Furthermore, these detectors would not categorize certain final conso-
nants or consonants in pre-unstressed position. Consonants with these various places
of articulation have other acoustic attributes beyond those to which the property detec-

tors are sensitive, as noted above.
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The consonants that are correctly classified by the property detectors also possess
some of these secondary attributes. For example, ina VlCV2 utterance, the consonant
may be properly classified on the basis of the rapid spectrum change at the release into
VZ' But the transition from V1 to C can also be observed by the listener, and the lis-
tener's internalized structure of the various features of the consonant C can be expanded
to take into account these secondary attributes, as well as the primary properties. The
findings of Brady et 31.26 and Nabelek et al.27 on the perception of rapid frequency
changes would suggest that a final vowel-formant transition is stored in memory in terms
of the frequency at the end point.

It can be speculated that these secondary attributes of the consonants are available
for observation in a precategorical auditory store of the type noted above, and are asso-
ciated with the phonetic categories established by the property detectors. In time, these
secondary cues could play a primary role in identifying the consonants, particularly in
cases where the primary attribute involving the rapid spectrum change is weak or absent.

The property detectors, however, play a vital role in getting the process started.
What is required is (i) the existence of a few simple property detectors, (ii) the occur-
rence of a sufficient number of speech events that are correctly classified by these
detectors, and (iii) the capability of observing various context-dependent secondary
attributes, together with the outputs of the elemental primary detectors.

Presumably, the process of organizing acoustic speech events into classes is
enhanced by the experience of the child in producing sounds with his own articulatory
system. Sounds that lack an obvious common acoustic attribute (/s/ and /n/, for
example) can be placed in the same class, or assigned a common feature, on the basis
of a similar articulatory gesture used in producing the sounds. This capability is cen-
tral to the motor theory of speech perception as proposed by Liberman et 31.28

Beyond the classification of consonants as labials, coronals, and velars, the child
must acquire even finer distinctions in terms of manner of articulation and voicing, and
in terms of subclassifications of place of articulation within these broad place categories.
These particular phonetic distinctions can be acquired only after the initial broad con-
sonantal categories are established, and are dependent on the language to which the child
is exposed. The broad principles that guide this utilization of an expanding inventory of

features have been suggested by Jakobson.25

5. Summary and Conclusions

The arguments presented in this report are not based on any new experimental data,
and many of the points have been made by others. (See, for example, Liberman et al.,
1967.1) The attempt here is simply to bring together a number of findings relating to
speech acoustics, perception of speech and speechlike sounds, and speech acquisition.

The principal conclusions are the following:
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1. An acoustical basis for the phonetic feature consonantal is proposed: initial con-
sonants that precede vowels are characterized by rapid spectrum change at the vowel
onset, whereas vowels and vowel-like sounds do not have such a rapid spectrum change.

2. Place of articulation for many consonants in initial position can be identified
absolutely on the basis of the nature of the rapid spectrum change at the vowel onset.
The attributes of this spectrum change are determined by a combination of factors,
including the transitions of the second and higher formants and, in some cases, by the
spectrum of the initial energy burst for stop consonants.

3. Assoclated with the primary acoustic distinction between vowels and consonants
there appear to be qualitatively different modes of perception for these two classes of
segments. Primary cues for consonant place of articulation are context-independent,
whereas cues for vowel place of articulation, as well as certain secondary cues for con-
sonant features, are context-dependent, and the utilization of these cues requires that
they be placed in a precategorical store before decoding into features can be accom-
plished.

4. In the acquisition of phonetic distinctions by young children, it is postulated that
a few simple property detectors can provide a basis for classifying most initial conso-
nants according to gross place of articulation. This classification in terms of context-
independent attributes provides a basis for the acquisition of a set of secondary,
context-dependent cues for features, and these cues are available for use when the pri-

mary cues are weak or absent.
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B. MEASUREMENT OF VIBRATION PATTERNS OF
EXCISED LARYNXES

National Institutes of Health (Grant 5 RO1 NS04332-10)

T, Baer

Excised larynxes are useful for studying the mechanism of phonation, since they can
be observed and monitored more adequately than normal larynxes and since the parame-
ters affecting phonation (such as respiratory parameters and simulated activity of most of
the laryngeal muscles) can be effectively controlled and systematically varied.l’ 2 There
are also, of course, limitations — particularly, that activity of the vocalis muscle cannot
be simulated, and also perhaps that the isolated larynx is disconnected from its vocal
tract. Nevertheless, understanding the excised preparation seems an appropriate first
step toward understanding the more complicated live larynx, Finally, although there
have been numerous attempts to model the phonatory mechanism mathematically,3_9
available experimental data are inadequate for evaluating in detail the performance of
many of these models.

In order to obtain detailed measurements of the time-variant vocal fold shape during
phonation, we have made visual observations of excised dog larynxes from the subglottal,
as well as the supraglottal, aspect. Small particles, distributed on the vocal folds, are
illuminated stroboscopically and tracked, using a microscope, at successive phase incre-
ments throughout a glottal cycle.

Figure VIII-4 is a schematic diagram and Fig. VIII-5 a photograph of the apparatus.
The larynx preparation is similar to that employed by van den Berg.2 Threads are used
to simulate the activity of most of the laryngeal muscles. A rigid bar is attached to the
cricoid cartilage and then to the apparatus by an adjustable clamp to immobilize the car-
tilage. The short section of trachea associated with the larynx is clamped to the pseudo-
subglottal system. The respiratory source of this system currently supplies steady
airtlow at an adjustable rate, although the system will be changed to regulate pressure
rather than flow. The rest of the subglottal system is composed of a simulated lung vol-
ume and trachea, which makes a right-angle turn in order to accommodate a subglottal
window just before reaching the larynx. The output of a subglottal pressure transducer
triggers an oscilloscope, which in turn triggers a stroboscope with an adjustable delay.
The larynx and other apparatus are mounted on the top of a rotary indexing table that
can be translated along two rectangular coordinates and rotated. The microscope can
be translated vertically.

The table top is first adjusted along its rectangular axes so that its rotational axis
is in focus in the middle of the nﬁicroscope's field. This produces a reference position

relative to which measurements are made. The location of an individual particle at a
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Fig. VIII-9. Trajectories of the two particles indicated in Fig. VIII-8.
Positions in the coronal plane were measured at 8 phase
increments throughout the cycle, (PS = subglottal pres-

sure; U = average volume velocity; Fo = fundamental fre-
quency.)

The trajectory of the inferior particle has a proportionally larger horizontal compo-
nent. During glottal closure, which is indicated by the bolder segments of the trajec-
tories, the inferior particle is pushed in the superior and lateral directions, while the
superior particle moves in the superior and medial directions.

Ultimately, we hope that a sufficient number of particles can be tracked so that at
least the outline of the vocal folds in a coronal plane can be reconstructed. Obviously,
two particles are not sufficient for this purpose. Still, it is useful to describe how the
particle motions reflect the gross vibration patterns, which are typical of a mode in
which the excised larynxes vibrate.

When the glottis is open, around phase 4 or 5, a wavelike ripple forms below the
lower particle (perhaps in a manner resembling the formation of water waves by wind).

The wave propagates superiorly and grows in amplitude. In approximately the region
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where the trajectory forms a small loop the wave passes the inferior particle, so that
the particle is above the crest at 5, near the crest at 6, and below the crest at 7.
Around phase 7, the waves from opposite sides meet and closure occurs, The area of
closure, which is quite small in vertical extent, propagates upward, since tissues below
are peeled apart while material above continues to move toward the midline. Then, a
wave propagates laterally along the superior surface. Around phase 5, the shape is
actually such that the superior particle appears on a medial rather than on a superior
surface. By this time the glottis is wide open, and with the increased airflow a new
wave is formed below to repeat the cycle.

For a sufficient number of points to be tracked to reconstruct coronal sections and
three-dimensional surfaces, methods must be developed to increase the time during
which the larynx will sustain steady vibrations. When this can be done, the shape data
that can be obtained should be useful for deducing the physical mechanisms involved,

In addition, however, dynamic pressure and airflow will be measured in detail near the
end of the pseudo trachea. With these data, it should be possible to estimate the pres-
sure distribution along the walls, using calculations or, if necessary, physical models
that can be instrumented. With these pressure data, as well as mechanical measure-
ments, it should be possible to deduce some mechanical properties of the system and to
evaluate some parameters of models.

Dog larynxes have been used for these experiments because they are easy to obtain
and are similar to human larynxes. We intend to make similar measurements on excised
human larynxes. Still the measurements on dogs may be very useful. It seems prac-
tically possible to do similar experiments with live dog preparations, in which actual
muscle activity could be directly controlled. With detailed data on both excised and live
dog preparations, there would presumably be more basis for inferring results from

excised to live human larynxes.
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