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ABSTRACT

Exclised canine larynxes were used to study the mechanism
of phonatlon. Apparatus and procedures were developed for
producing laryngeal configuration appropriate for phonation
and for supplying airflow through the glottis. Both flow-
regulator and pressure-regulator air sources were used.  The
pseudo-subpglottal tract contained a window permitting a
direct view of the vocal folds from the inferior as well as
the superior aspect. Particles placed on the vocal folds
served as discrete visual reference polnts. A stereoscople
dissecting microscope was used to observe the vibrations from
the superior, inferior, or obligque aspect under stroboscopic
11lumination. A system utllizing the microscope was developed
for determining the absolute frontal-plane position of any
point that could be observed on the vocal fold surfaces. This
system was used with adjustable-phase synchronous stroboscopilc
illumination to measure the trajectories of particles in the
frontal plane when the larynxes produced gteady phonatilon.
Measurements on three different particles during one run
served as quantitative reference polnts to reconstruct the
shapes of the glottls at eighth-cycle phase Increments.

In addition to measurements of glottal shape during pho-
nation, observations of gross responses to chanpes in subglot-
tal pressure and tissue properties were made. Chest reglster
and falsetto could be produced. Fundamental frequency in
chest reglster varied at rates of 5 to 7 liz./cm. Hp0 as sub-
rlottal pressure was changed. Substantlal changes in funda-
mental frequency were produced by changes  in longitudinal
tension. Some aspects of the performance were sensitive to
desiccation of surface tissues. The abillty to produce fal-
setto was more dramatically impaired than the ability to
produce chest volce when the tissues became desiccated.

Vibration patterns of the vocal folds in chest register
were complex. Individual particles were - sometimes on the
superior vocal fold surfaces and on the glottal walls during
different portions of a glottal cycle. The overall shape of
individual particle trajectories was roughly elliptical, but
the ellipses contained perturbations which sometimes formed
secondary loops. Particles always traversed the ellilpses



clockwise in the coordinate system with the lateral direction
to the right. Tor particles on the superomedilal parts of the
folds, trajectories had large vertical and horizontal com-
ponents. More lateral particles had predominately vertical
trajectories and more inferior particles had predominately
horizontal trajectoriles, '

Some aspects of the vibratlon patterns were 1lnterpreted
as travelling wave phenomena. Apparent wave velocltles were
determined by direct measurement and were inferred from
measurements of partlicle trajectories at different locatilons
along the vocal-fold surfaces. Glottal closure exhibited
wavelike properties.

In addition to travelling wave vibrations on the surface
membranes, measured glottal shapes sugrested string vibra-
tions of the vocal ligament. A mechanlism of phonation in
vhich aerodynamically-driven waves on the surface membranes
drive vibrations of the ligament was suggested.

Particle trajectories were measured as the surface
tissues of the vocal folds became desiccated. The results
of these experiments and analysis of glottal shapes measured
during steady phonation suggested that vertilcal components
of forces on the vocal folds were important for phonation.
These experiments showed that particle trajectories could be
considered as vibrations about a static operating point.

N

When the vocalls muscles were removed, larynxes could
produce nearly normal chest register phonation but not fal-
setto. This result has implications with regard to the _
phonatory function of the vocalls muscle.

Preliminary measurements of the statiec behavior of pre-
parations for different values of subglottal pressure were
made. These results and the results of dynamlic measurements
were used to directly test a two-mass model of the larynx
with linear mechanical elements. The aerodynamic aspects of .
the model were found to be adequate to account for measured
pressure-flow relationships. The mechanical aspects were

found to be inadequate to account for some experlimental re-
sults.
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Cﬁapter 1 Introduction

The mammalian larynx is the organ of voice. Though not
the primary function of the larynx from a biological point
of view, voice production is a tremendously important
function which cannot be adequately performed by other
organs. During production of voice and speech, the human
larynx produces controlled gradations of fundamental fre-
quency, intensity, and volce quality, and is also res-
ponsible for producing acoustic contrasts in phonetic seg-
ments. Understanding the mechanisms by which these differ-
ent sounds are produced and representing this understanding
in terms of a quantitative mechanlistlc model of the larynx
would represent a significant advancemeni}in several diverse
fields. These fields include engineering applications of
speech synthesis and anhalysls, lingulistlc research into the
nature of speech and language, and clinical applications
such as detection, diagnosis, and treatment of pathology and
the development of vprostheses.

The general principle by which the larynx produces
voice 'is well known. Anatomically, the larynx contains
palred vocal folds and an extensive set of machinery for
controlling theilr configuration. The vocal folds form a
slit-like constriction called the glottis in the vocal tract.
Functionally, when the vocal folds are placed 1in an appro-

priate configuration and air from the lungs 1s forced



g
through the glottis, the vocal folds are set into vibration..
The resulting modulation of the airflow produces the
acoustic energy which 1is the source for voiced sounds. The
so-called "myoelastic-aerodynamic" theory (e.g. van den
Berg, 1958), whiéh states that the mechanical-vibrations are
due to passive interaction between aerodynamic forces in the
glottis and mechanical forces in the vocal folds, has sur-
vived despite attempts to introduce an active theory of
pgonation (Husson, 1950).

Although this general principle of the phonatory me-
chanism has been established, little 1s actually known about
the details of the aerodynamic-mechanlcal interaction. Due
fo the inaccessible location of the larynx in the throat,
physiological techniques for measuring detalled character-
Istics of individual glottal cycles are limited. Most sig-
nificantly, technlques have not been perfected for measuring
the mechanical vibrations in the frontal plane (or more
generally, in three dimensions). The efforts that have been
made using stroboscopic x-ray techniques (Hollien, et al.,
1968), high speed clneradlography (Sovak et al., 1971), and
ultrasonic imaging (Minifle et al., 1968) have had insuf-
ficlent resclution to produce useful results on the normal
larynx. Other methods for monitoring mechanical activity of
the vocal folds, including measurement from high speed films

(e.g. Farnsworth, 1940), photoelectric and electric
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glottograms (e.g. Sonesson, 1960; Fabre, 1958); and wave-
forms from externally placed accelerometers (Henke, 1974)
are only indirectly related to the detailed vibration
patterns. There are only preliminary (and copflicting)
direct measurements of the detailed subglottal pressure wave-
form (van den Berg, 1962; Hiki-et al., 1970). Even the
acoustic source waveform - glottal vqlume velocity - has
neyer been measufed directly. Estimates_of this waveform,
using such'methods as calculations from a simple aerodynamic
model of the glottis (Flanagan, 1968), inverse filtering
techniques (Mathews et al., 1961; Rothenberg, 1973), and
pressure measuremeﬁt in an anechoically-terminated tube
(Sondhi, 1974) are indirect and of limited accuracy.

Mathematical modelling is an indireé&t method for study-
ing the phonatory mechanism. Modelling efforts from those
of Wegel (1930) to several of the last decade have resulted
in the development of sophisticated modeis capable of self-
oscillation. Most recently, modelling studies have demon-
strated the value of vertical phase differences 1in the
mechanlical vibration patterns for coupling aerodynanic
energy to the vibrations (Ishizaka and Matsudaira, 1968).
Cdmputer simulation of phonation using these models (e.g.
Ishizaka and Flanagan, 1972) has produced results roughly
consistent with avallable physiological data. However,

the adequacy of these models cannot be evaluated in detail.
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There 1s uncertainty about the aerodynamic relations for a
glottis of a gilven shape, little 1s known about the mechani-
cal properties of the vocal folds, and ~ as already pointed
out - the actual glottal shapes are themselves not known.
Without such data, it is not possible to realistically de-
termine model parameters and evaluate model performance.
Pabricated mechanical models of the larynx have found
limited use 1in the study of phonation (e.g. Smith, 1962),
but exclsed-larynx preparatlons have been found to be ex-:
tremely useful physica1 analogues of the normal larynx (e.g.
van den Berg and Tan, 1959; HMatsushita, 1969). Such pre-
parations, mounted within apparatus to supply airflow and
to control the adjustments normally broduced by the laryngeal
muscles, are capable of reproducing,muchcbf the gross be-
havior of the normal larynx. There are several advantages
to studying phonation with the excised larynx. The prepa-
ration is accessible for observations and measurements that
are impossible with the intact larynx, The "muscles" and
"resplratory source'" can be malntained in steady state for
extended durations while the vibrations are studied.
Various parameters may be manipulated systematically and
1ﬁdependently. There are, however, also limitations to thé
use of exclsed larynxes. The death of the tissues no doubt
changes thelr mechanical properties somewhat. More signi-

ficantly, activity of the vocalls muscle, which forms part
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of the body of the vocal folds and which 1s active during
speech, cannot be adequately simulated. Nevertheless, useful
results have been obtained from experiments with excised
larynxes, including the original observations of the nature
of phonation (Ferrein, 1741). “

This thesls represents a logical extension of previous
excised-larynx studles. Previous studies involved qualita-
tive observation of the detailed vibration patterns and
qdantitative measﬁrement of variables not directly associated
with the detalls of 1ndividual glottal cycles. Aside from
extending these results, the present study involves quanti-
tative measurement of the detalled mechanical vibration
patterns using optical methods. Apparatus was constructed
with which vibrating excised larynxes co®ld be observed both
from the customary superior aspect and also from the inferior
aspect. The apparatus included instrumentation for measur-
ing the location of any observable. landmark in the frontal
plane. Small partlcles were attached to the vocal folds to
serve as landmarks and the vibrating larynxes were 1lluminat-
ed with synchronous stroboscopic light at adjustable phase
in the;glottal cycle. The particles were useful for quali-
tatively observing the vibratlon patterns as well as serving
as reference points for measurements. Measurements were
made of the trajectories of these particles in the frontal

plane. By tracking several particles "simultaneously", it
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was possible to estimate the detailed shape of one vocal fold
in the frontal plane throughout a glottal cycle. Other
measurements were made when the vocal folds were stationary.

The implications of the data collected in the present
study are examined in thls report, both from ehe point of
view of characterizing the nature of the vibrations in gene-
ral and from the point of view of examining in detail the
adequacy of an existing laryngeal model. The ultimate.gbal
of this research is full understanding, of the mechanisms of
phonation and the development of a laryngeal-model for
phonation that 1s both mechanistically correct and descript-
ive of the output.

Larynxes excised from dogs were used for these experi-
ments. Because the larynxes were caninecand because of the
limitations of the excised larynx preparation in general,
care must be taken in applying the results of these experi-
ments to normal human phonation. HNevertheless, the excised
canine larynx is a useful simplified model of the intact
human larynx, and understanding the phonatory mechanism of
this pfeparation 1s a reasonable first step toward under-

standing that of its intact human analogue.

This report is organized into nine chapters. Following
this introductory chapter, the next three provide the
necessary background for the problem under study. Chapter 2

covers laryngeal anatomy, and Chapter 3 covers phonatory
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physiology, describing what 1s known about phonation and
showing how the limlitations of this knowledge justify the
present research. Chapter 4 discusses laryngeal modelling,
which on one hand provides a framework for analyzing the
results and on the other hand demonstrates the need for
more results. Following these introductory chapters,
Chapter 5 describes the experimental apparatus and procedures,
and Chapter 6 describes the performance characteristics of
exéised larynxes, considering some of the aspects which have
been measured during normal phonation. Chapter 7 contalns
the major experimental results and also includes discussion
about their implications. Chapter 8 describes an attempt
to fit a laryngeal model to some of the results of Chapter 7.
Finally, Chapter 9 contains a summary of «results and theilr

implications, and includes suggestions for further research.
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‘Chapter 2 Anatomyv of the lLarvnx
The anatomy of the larynx and surrounding structures is '
largely known and is described in numerous texts (e.g. Gray,
1959; Grant 19(G2; Pernknopf, 1052; Negus,.19h9; Sonesson,
1968)., It will be briefly reviewed here. Some uncertainties
about laryngeal anatomy (and physiology) still remain, and
these could affect our understanding of vocal mechanisms.
They will be mgnt;oned in the course of this chapter (and in
the next). Finally, although canline larynxes have often been
used as analogs of the human larynx -(e.g. Ueda et al., 1071;
Koyama et al., 1949, 1971; Rubin, 1963; © Matsu-
shita, 1969) - there are some anatomical differences which
will be pointed out.

In the discussion of laryngeal anatomy and nhysiology,
an overview should be maintained. As Negus (1949) pointed
out, the most important function of the larynx from an
evolutionary point of view is that'of protective respira-
tory closure. HMany other requirements - such as those of
deglutition, olfaction, resniratory cavacity, and regulation
of thoracic pressure - have affected the develépment of the
larynx to a greater extent than has the requirement of voice
production. The larynx should thus not be thought of as
solely "the organ of voice". Also, HNegus' (1940) study of

laryngeal evolution and the voice production characteris-

tics of various specles led him to conclude that man's
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unique vocal abilitles depend not on any uniqueness in the
structure of the organ 1tself but on his unique will and
ability to control 1t. There 1s no reason to believe that
the mechanisms of phonation in dogs or other animals are

‘-

essentlally different from those in humans.

General Plan of Laryneeal Anatomy; Cavity of the Larynx

The larynx 1s located in the throat, where it controls
the opening between the trachea and the pharynx, and helps
to separate the resvpiratory tract from the alimentary tract.
Its support comes from connections to the "floating" hyoid
bone above, the trachea and sternum below, and the lower
pharyngeal wall and esophagus posterlorly.

The larynx consists of a cartilaglnous skeleton, con-
nected by several ligaments and controlled by an extensive
musculature. The membranes lining fhe internal cavity are
gathered into two pairs of bilateral folds - the vocal
folds and the ventricular folds - which extend into and con-
strict the airway. The folds are supported by two pairs of
bilateral ligaments, sharing a common anterlior origin but
attaching to separate, moblle cartilages posteriorly. The
lipaments can thus be approximated and‘tensed in order to
perform the valvular function of the larynx. In the ver-
tical direction, each fold 1is shaped to form a gradual con-
striction on one side and a sudden constriction on the other.

The ventricular folds form a sudden constriction inferiorly,
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thus forming an efficient outlet valve, while the true vocal
folds have the opposlite orientation and form a more effi-
clent inlet wvalve.

Fig. 2-1 shows schematically a coronal sectlon through
the larynx at the level of the vocal folds. “As indicated,
the space between the vocal folds 1s known as the glottis.
(The glottls consists of two parts - an anterior intermemn-
branous part between the vocal folds and a posterior inter-
cartilaginous part between the cartilages supporting them.)
The cavity between the upturned edges of the vocal folds
and the downturned edges of the ventricular folds is the
ventricle (sinus of Morgagni). It is extended, at some
levels, into a saccule. Above the level of the ventricular
folds 1s the laryngeal vestibule, or opening of the larynx.
Lateral to the membranes surrounding théﬁvestibule but
medial to the outericartilaginous skeleton 1s the piriform
recess, which serves as a food channel around the opening of
the lower alrvay and into the esophagus.

Cartilares

There are three unpaired cartilages (cricoid, thyroid,
and epiglottis) of the human larynx and three sets of paired
cartilages (arytenoid, corniculate, and cuneiform). They
are 1llustrated in Fig. 2-2.

The cricold cartilage forms the base.of the laryngeal
skeleton and much of 1ts back cover. It 1s shaped like a

signet ring with the arch extending anteriorly and the broad
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FIGURE 2-1

Schematic frontal section of the larynx.(from Broad,
1973).
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face, or lamina, facing posteriorly. The thyroid cartilage,
which is the largest laryngeal cartilage, forms the front
and side cover. Its two wings (alae, or laminae) are Jolned
anteriorly at the midline, meeting at an angle of roughly
90° in adult males, 120° in adult females, and almost
smoothly 1in children. Among its prominent anatomical fea-
tures are the laryngeal prominence (Adam's apple) anteriorly
and the superior and inferior cornu posteriorly. The
sﬁperior cornu rises toward the hyoild bonel(to which 1t is
attached by a ligamentous band) and the inferior cornu ar-
ticulate with the lateral asvect of the cricoid cartilage.

The epiglottis, rising upward and back from the superior
part of the thyrqid angle, forms the anterior wall of the
vestibule. Its primary function 1s to deflect food around
the entrance of the larynx into the piriform recess.

The paired arytenoid cartilages from the mobile pos-
terior support for the laryngeal folds. They are usually
described as small fruncated pyramids whose three faces
point medially, posteriorly, and anterolaterally. The sur-
face of the base articulates with the cricold cartilage,
as will be described later. There are two projections from
the base. The vocal process projJects forward, giving rise
to the vocal llgament, while the muscﬁlar process proJjects
laterally, serving as the attachment for several laryngeal

muscles.
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The corniculate and cuneiform cartilages lie superior
to the arytenoid cartilage. The corniculate (cartilage of
Santorini) is continuous with the arytenoid, forming its
apex. The cuneiform (cartilapge of VWrisberg) lies anterior
to the corniculate, imbedded in and providing support for
the membranous folds between the arytenoid cartilage and the
epiglottis. Both the cuneiform and corniculate cartilages
are considered vestiglial in man, and the cuneiform is some;
times entirely lacliing.

Ligaments and Membranes

The locations of most of the laryngeal ligaments are
Indicated in Fig. 2--3. They perform a connectilve function,
connecting the larynx to the hyoid bone, supporting the
laryngeal jolnts, and limiting movementqaabout these joints.
The most 1lmportant laryngeal ligaments are, of course, the
vocal and ventricular ligaments. The function of many of’
the other ligaments (and muscles) are considered in terms of
thelr effects upon these two. A typical length for the
vocal ligament in adult males is about 1.4 cm. Dimensions
w1ll be discussed 1n more detail later.

The membranes lining the ailrway consist of an elastlc
inner lining and a mucous membrane at the surface. The
elastic layer lines almost the entlre laryngeal cavity, with
the exception of the ventricular walls. It is thus sepa-

rated into a superior part (the quadrangular membrane) and
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FIGURE 2-3

Ligaments of the larynx. {(from Sonesson, 1968).

<>
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an inferior part (the triangular membrane). The quadrangular
membrane lines the ventricular folds and passes up to the
epiglottis, forming the aryeplglottic folds, which separate
the vestibule from the pirigorm recess. The trlangular
membrane lines the floor of the ventricle and-is continuous
with the vocal ligament. It passes downward from the liga-
ment and arytenold cartilage to attéch to the lower circum-
ference of the cricoid cartilage, thus forming a conical
surface called the conus elasticus.

The mucous membrane lines the entire laryngeal cavity
and 1is continuous with the mucous .linings of the airway both
above and below. It 1s particularly richly supplied with
mucous glands at the level of the ventricle. At areas sub-
Ject to frequent wear (the level of the glottis and ventri-
cular folds and parts of the aryepiglottic folds) 1t con-
sists of tougher tissue not containing mucous glands. It is
loosely connected to the submucous tilissue except at these
locations of frequent wear, where 1t is closely connected.
Joints

There are two palred joints of the larynx: the crico-
thyroid and the c¢ricoarytenold.

The cricothyroid joint provides an articulation between
the lateral surfaces of the cricold cartilage and the in-
ferlor cornu of the thyrold cartilage, as shown in Fig. 2-14.

As the figure shows, movement about this pair of Joints is
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1s generally rotational about an axls passing through the
two Jolnts. Because the Joint 1s below the level of the
vocal folds, the folds are stretched (tensed) or shortened
(laxed) when the anterior parts of the cartilage are rotated
toward or away from each other, respectively;

The cricoarytenoild Jjoint is an articulation between the
bases of each arytenoild cartilage and the posterolaferal
parts of the cricold <cartilage's superior ridge. Its
function is to regulate the size and shape of the glottal
opening. The manner in which 1t does so 1s somewhat diffi-
cult to visualize and hence has often been misunderstood.

The articulating surfaces of the cricoarytenoid joint
censist of a convex cylindrical surface on the ridge of the
cricoid cartilage matched by a similar convex surface on
the ridge of the cricoid cartlilage matched by a similar con-
vex surface on the baée of the arytenoid cartilage, as
shown in Filg. 2-5 (which is a photograph of a dissected joint
from a dog's larynx). This arrangement allows for rotation
of the arytenold cartilage about the cylinder axis. The
cricoid surface 1s somewvhat longer than that of the ary-
tenoid, so a limited amount (roughly 2'mm;) of gliding along
the axis is allowed. The orientation of the cylindrical
axls is from posteromediosuperior to anterolateroinferior,
as indicated in Fig. 2-6.

When the arytenolds are rotated medially from the



._.concave facet on base
of arytenoid cartilage

convex facet on
cricoid cartilage

Fig., 2-5

Photograph of dissected cricoarytenoid joint.
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Fig, 5. The two types of movement in the cricoarstenoid joint, (From Sonessen, i954;
in Hjortsjo: Rorelsearparaion.) ‘

FIGURE 2-6

Function of the cricoarytenoid joint. (from Sonesson,
1968).
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breathing position, the vocal processes move medially and
can be made to approximate (adducting the vocal folds).
Because of the cylinder axils orlentation, however, they
simultaneously move anteriorly (shortening the folds) and
inferiorly. The intercartilaginous and intermembranous
glottlis may be eilther both open or both closed sinultaneous-
ly. 1In addition, with the arytenold cartilages pulled back
along the axis, it i1s possible to approximate the carti-
léges without closing the membranous glottis. Similarly,
with the aryvtenoids pulled forward, the vocal processes

may be approximated while the intercartilaginous glottils

1s still open.

Controlling Musculature

An extensive musculature 1s provided for manipulating
the internal confilguration of the larynx and for moving
the larynx as a whole. The muscles are divided into two
groups: the intrinsic muscles, which are associated only
with the larynx itself, and the extrinsic muscles, which
are also associated with other structures. The intrinsic
muscles are often further divided into functional groups,
depending on the effects of thelr contractions on the
vocal folds.

Intrinsic MMuscles

All the important intrinsic muscles except one (the

transverse arytenoid) are paired. With the exception of
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the cricothyrold muscle, they are all attached to the ary-
tenoid cartilage. The locations and actlons of the muscles
are indicated in Fig. 2-T7.

The cricothyrold muscle arises from a small region
along the anterior arch of the cricoid cartilage and fans
out to insert on the inferior border of the thyroid lamina
and the anterilor border of the inferior cornu. Its con-
traction rotates the anterior portions of the two cartilages
toward each other and pulls the thyroid'cartilage slightly
anteriorly with respect to the cricoid. Both these actions
contribute to the tensing of the vocal ligaments.

The posterior cricoarytenoid muscle arises from the
muscular process of the arytenoid cartilage and fans out to
insert along the length of the median rigge on the posterior
lamina of the cricoid cartilage. Its contractions tend to
abduct the glottis by rotating the arytenoid cartilage about
1ts cylinder axis.

The lateral cricoarytenoid also arises from the mus-
cular process, but passes anteriorly to insert into the
superior border of the cricoid ring. Its contraction pulls
the arytenoid cartllage anteriorly a little and rotates it
medially by virtue of its anterior and medial direction of
pull. The muécle thus contributes to the adduction of the
vocal folds,

The interarytenoid muscle connects the two arytenoid

cartilages posteriorly. The transverse component is the
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FPIGURE 2-7

Locations and actions of the intrinsic laryngeal muscles.
(from Sonesson, 1968).
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only unpaired intrinsic muscle, connecting the posterior
surfaces and lateral margins of the two cartilages. The
oblique component is a c¢rossed muscle, arising from the mus-
cular process of one cartilage and inserting into the apex
of the opposite one. Some fibers continue~paét the apex
and pass along the aryepiglottic folds to the epiglottils.
Contraction of the interarytenoild draws the posteriors of
the arytenold cartilages together, which also prevents them
from sliding forward. Thus, the muscle may act an an adj
ductor or as a teﬁsor, and 1t may be thought of as control-
ling differences between intermembranous and intercartil-
laginous configuration.

The structure and function of the remaining intrinsic
muscle, the thyroarytenold muscle, has bifn the source of
much controversy and is probably still not fully understood.
The muscle 1s attached on one side to the angle of the
thyroid cartllage and on the other to the arytenoid carti-
lage. It is divided functionally but probably not ana-
tomlcally into two parts. The medial portion, known as the
vocalls muscle, forms part of the body of the vocal folds.
Its filbers do not appear to insert into the vocal ligament
(Sonesson, 1960), as has been asserted by some {(Husson,
1950), although some inferior fibers do seem to innervate
the conus elasticus. Its contractionsAmay‘be thought of

as increasing the tenslon in the body of the vocal folds



or decreasing the tension in the ligament. The external
part, which arises inferiorly at the thyroid cartilage and
attaches more laterally on the arytenoid cartllage, 1s con-
sidered a glottal adductor, actingbsimilarly to the lateral
cricoarytenold muscle. The most superior fibers form the
walls for the laryngeal ventricle, and some turn back past
the arytenold cartilage to join the aryepiglottic muscle
(forming the thyroepiglottic muscle). These fibers thus help
to perform supraglottal closure - 1.e. closure of the
ventricular folds and aryeplglottic sphincter.

Extrinsic Muscles

The extrinsic muscles are capable of moving the larynx
as a whole, since they attach to surrounding structures.

By virtue of thelr laryngeal attachments, however, they may
also affect the internal configuration of the larynx
(Sonninen, 1968).

There are basically three palrs of these muscles. Two
of them are the strap muscles, which attach to the oblique
line of the thyroid cartilage (which is shown in Fig. 2-2).
The thyrohyold passes superiorly to attach to the hyold bone,
and the sternythyrold passes inferiorly to attach to the
sternum. They can draw the larynx up or down, respectively,
and in doilng so can also rotate the thyroid cartilage with.
respect to the cricold., The third palr of muscles is the
inferior pharyngeal constrictors, wvhich arise from the sides

of the cricoild and thyrold cartilages and meet on the
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posterior wall of the pharynx. The interiormost of these
fibers form a muscle called the cricopharyngeus, which forms
a sphincter around the opening of the esophagus.
Since the larynx is suspended from the hyoid bone,
muscles which affect the bone may also affect the larynx.

There are several muscles capable of elevating and depressing

the hyoid bone and also to some extent moving it forward and

backward.

Nerve Supply and Sensoryv Anatomyv

The larynx 1s innervated by two separate branches of
the vagus nerve. The superior laryngeal nerve has an ex-
ternal branch which provides motor innervation to the crico-
thyroid muscle and an internal branch whlch supplies sensory
innervation and lnnervation to the mucou§>glands above the
level of the vocal folds. The recurrent laryngeal nerve,
which enters the larynx in an upward course, provides motor
innervation to all the intrinsic muscles except the crico-
thyroid and provides sensory and secremotor innervation up
to the level of the vocal ligament. The recurrent nerves
of the two sides differ in length, with the left nerve
longer since 1t must pass around the aortic arch.

There is a rich supply of receptors in the mucosal and
submucosal membranes of the larynx. These include pressure
(tactile) receptors as well as others (pain, chemoreceptors)

assoclated with respiratory function. There are also



w\‘)

37
receptors in the joint capsules (articular mechanpreceptors).
The 1ssue of the possible presence of myotatic (stretch)
receptors in the intrinsic muscles has been a controversial
one (Pressman and Kelemen, 1955; Sawashima, 1970) which has
not been completely settled. It appears, however, that
there is at least a primitive kind of stretch receptor 1if
not the common muscle spindle found in other skeletal muscle.

Cross Section of ‘the Vocal Folds

A typical schematic coronal section of the vocal folds
at a level anterior .-to the vocal process is shown in Fig.
2-8. The thyroaryfenoid nmuscle is lateral and inferiér to
the vocal ligament. Superior to the cricoild cartilage 1is
muscular tissue which includes components from the crico-
thyroid muscle and lateral clrcoarytenoig. muscle in propor-
tion depending on the level of the transaction. Filg. 2-9,
shows a schematic horizontal section at the level of the
vocal processes. The length of the glottis consists of
roughly 2/3 inter-membranous part (when stretched) and 1/3
intercartilaginous part, with a total length of about 2 cm.,
for adult males. As Fig. 2-9 shows, the membranous part can
constitute less than half the length of the glottis. Glot-
tal width can vary anywhere from zero (glottal closure) to
8 mm. (normal breathing) to about 15 mm. (deep inhalation).
Typlcal maximum width during voice production is one or two

mm. (roughly 20 mm. © maximum area).
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Lower Respiratory Tract and Vocal Tract

The anatomy and physlology of the lower respiratory
tract has been extensively studied (see Fenn and Rahn, 1964).
The trachea descends for roughly 12 cm. and then splits into
two bronchi, which subsequently divide and so on for up to
twenty generations. The statistics of the airway anatomy
(e.g. average peneration number, total number of bhanches,
total airway c¢ross section all as a function of distance
from the glottis) have been measured (Weibel, 1964). The
total cross sectional area of the tract grows slowly at first
(from an initial value of about 2.5 cm.z) and then grows
very rapidly as the level of the alveoll 1s approached, al-
though the cross sections of individual air passages de-
creases. «

The anatomy of the supraglottal tract during speech
production has been the subJect of much research in the past
several years. (Fant, 1960, Perkell, 1969). It consists
of a tube (terminating with the lips) roughly 17 cm. long
(for an adult.male) whose cross section is adjustable at
virtually every level. Just above the larynx, 1ts area is
about 2.5 cm. A nasal tube may be switched in or out de-
pending on the actlon of the velum.:

Anatomy of the Canine Larynx

The larynx of dogs like those used for this thesis
(Mongrels, 20 - 30 kg.) is similar in size to an average

human larynx, and its anatomical structure 1s grossly
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similar, though 1t differs in several details (Bradley, 1959,
Miller et al., 1964)., The epiglottls, for example, 1s larger,
in accordance with 1its more basic function in olfaction
(Negus, 1949). It is supplied with a pair of hyopiglottic
muscles capable of pulling it anteriorly to isolate the

mouth cavity from the respiratory system.

There are some differences in the shape of the thyroild
cartilage. It 1s less angulated than the human male's car-
tiiage, and its superior horns articulate more directly yith
the hyold bone.

The most important differences are in the dorsal region.
The interarytenold muscle, which in man 1s thick and ef-
fective and which consists of both crossed and uncrossed com-
ponents, 1s small and 1ndistinct and conststs of only an
uncrossed (but palred) component. In the dog, there 1s an
extra little cartilaginous nodule, the interarvtenoid car-
tilage, connecting the two arytenolds. The transverse ary-
tenold (interarytenoid) muscle, which arises from the region
of the muscular process of the arytenold cartilage, inserts
into the interarytenoid cartilages, and does not pass the
midline. The cunelform cartilage of the dog is larger than
that of man, consistent with the need for more efficient
aryepiglottic function. The ventricular muscle, which is
indistinct In man, is a thick muscle connecting the arytenoid

and Interarytenold cartilages with the ventral part of the

cuneiform cartilage.
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Chapter 3 Physiolopy of the Larvnx

In thils chapnter, methods for studying laryngeal physio-
logy - particularly as it applies to voilce production - are
reviewed. Some aspects of basic laryngeal physiology and
the physiology of voice pfoduction are then discussed.

Methods for Studving Laryngeal Physiologry

Laryngosconyv

Direct observation of the larynx through the mouth is
possible, though it is essentially a surgical procedure and
can be difficult and painful for the subject. .Indirect
laryngoscopy, utilizing a mirror at the back of the mouth
to reflect light onto the larynx and reflect bhaclt the image,
has been more commonly used.

During phonation, elther stroboscoplg methods or high
speed cinematography must be used to observe the vibrations
of the vocal folds. PResolution using high-speed cinemato-
graphy is limited by the frame rate (which is typically 1000
to 6000 frames per second). Stroboscopic methods can only
be used to observe steady phonation. Resolution 1s limited
by the dynamic variations of the vibrations (Lieberman,
1961; Moore and von Leden, 1658).

Some disadvantages of the laryngeal mirror are that it
may interfere with normal vocal activity, that normal acti-
vities may interfere with the view obtained with it (es-

pecially due to movements of the epiglottis), and that use



of the mirror 1s not tolerated by many subjects.: Some of
these disadvantages have been overcome through the develop-
ment of a fiberoptic laryngoscope (Sawashima and Hirose,
1968) which can be inserted into the pharynx via the nose
and which interferes only minimally with normal speech pro-
duction. It has been used for cinematography at rates up

to about 64 framées per second'(Sawaéhima and Ushijima, 1071).
With improved light sources; this 1limit should be extendable
to the high-speed range, or stroboscopic methods might be
used. The filberoptic laryngoscope allows, for the first
time, observation of the larynx engaged in the production of
connected speech (Sawashima et al., 1970).

Glottography

Several techniques other than laryngescopy have been
used to monitor glottal vibrations.

Photoelectric glottography involves directing light
toward the glottis, either from above or below, and measur-
ing the amount transmitted to the other side using a photo-
electric device. The technlque has been used as a straight-
forward way to represent the performance of excised prepara-
tions as early as 1935 (van den Berg, 1968). It was adapted
by Sonesson (1960) and later by Lisker et al. (1949) for use
during normal steady phonation and running speech, respec-
tively; but it gives at best only‘qualitative information

about the state of the glottis.
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Ultrasonic imaging of the larynx has been attenpted
with only limited success (see review in Sawashima, 1970).
Essentially, it 1s useful only for detecting presence or
absence of glottal closure.

Electronic glottography (Fabre, 1058), which measures
variations in electrical impedance across the neck due to
vibrations of the vocal folds, also ylelds very aualita-
tive results, and hence 1s only moderatcely useful. It has
found application as a transducer to measure voicing fun-
damental frequency (Fourcin and Abberton, 1971), but throat
microphones and accelerometers (lNickerson and Stevens, 19073)
are also useful for thils purpose.

Radiographyv

Still- and cine-radiographic techniques have been used
to monitor gross movements of the speech‘Znatomy in general
(e.g. Perkell, 1969) and the larynx in particular (Sonninen,
1968; Hollien and Curtis, 1962, Kitzing and Sonesson, 1967).
Lateral-view radiography has been used to study the length
of the vocal folds during changes in fundamental frequency
(Damste et al., 1968) and frontal-view radiopgraphy has been
used to measure changes 1n the vertical thickness of the
folds (llolllen and Colton, 1969). These techniques are 1l1-
mited in both the spatial and time domains, although there
have been recent attempts at improvement (Sovak, et al.,

1971) in order to study the details of the glottal cycle.

Althoupgh conventional radiograms are essentially only
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shadow images, it 1s possible to focus on a particular in-
ternal plane using the technique of lamlinagraphy or tomo-
graphy; in which the x-ray source and detector are moved
around the plane of focus during exposure to blur out all
the undesired planes. This technique has been frequently
used to obtaln images of coronal (frontal) sections of the
larynx, but of course the exposure time is large compared

to a glottal period. The technique was refined by Hollilen
et’al. (1968), who flashed the x-ray source stroboscopically
during the laminagraphic procedure. For steady phonation,
they could thus obtaln images of instantaneous laryngeal
cross sections at successive phases within a cycle. Although
this techhique of stroboscopic laminagraphy (STROL) is po-
tentilally of great value, its usefulnessigas been limited by
the relatively poor quality of the images obtained.

Electromvogranhyv

Electromyographic studies of laryngeal muscles have been
reported since the 1950's. The early studies (Faaborpg-Ander-
sen, 1957) utilized bipolar needle electrodes, which were
found to be difficult to work with and which probably inter-
fered with normal function. Later, hooked wire electrodes,
which are inserted by a needle that.is subsequently withdrawn,
vwere introduced (Hirano and Chala, 1969), making 1t possible
to record from all the intrinslc muscles.with a minimum bf
interference with normal function. With the new electrode

techniques and new data processing techniques, results are
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only currently beginning to really accumulate (e.g. Gay

et al., 1972; Shipp and !cGlone, 1971; Hirano et al., 1970).

Measurement of Glottal Airflow and Subglottal Pressure

Average subglottal pressure can be measured directly
by coupling a pressure transducer to the subplottal region
tﬁrough a tracheal puncture. In a small number of cases,
there are sufgical patients with tracheostomas as well as
normal larynxes. . In such cases, as with excised larynxes,
1t" is possible to better couple a pressure transducer, so
that more of the dynamic information can be recorded (van
den Berg, 1962). Subglottal pressure can also be measured
indirectly using an esophageal btalloon (van den Perg, 10506).
It has been shown that chanpges 1n esophageal pressure differ
from those in tracheal pressure over the‘gourse of a single
expiratory cycle (Kunze, 1964), but corrections can be made
from these differences.

With tracheal punctures and esophageal balloons, only
average or low-frequency subglottal pressure information can
be recorded. Such information 1s, of course, useful for
studying such aspects as fundamental frequency, Intensity, and
registration control. Using modern minlaturized pressure
transducers, however, it appears possible to make broadband
subglottal pressure measurements by lowering the transducer
through the.glottis directly into tﬁe trachea (Koike and

Perkins, 1968; li1ki, Koike, and Takahashl, 1970; Koike and

Hirano, 1973; Perkins and Koike, 1969).
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Average airflow during voice production can be measured
with a body plethysmograph, which indirectly measures changes
in lung volume (Mead, 1960). Hot wire devices (anemometers)
might be useful, though they have‘hot generally.been used.
Pneumotachographs, which are face ﬁasks or tubes incorporat-
ing linear flow resistors (Xii- fine mesh screens) and pres-
sure transducers, are perhaps the most useful. They have
been used to measure average flow rates for sustained sounds
(g;g.-lsshiki, 19€4), to measure flow rates over the course
of phonetic segments (Klatt, Stevens, and Mead, 19G8), and
even to measure the detailed acoustic volume veloclty wave-
form at the lips (Rothenberg, 1973). 1In the latter case,
airflow at the glottis was also estimated by inverse filter-
ing, to negate the effects of the vocal sract. The acoustic
component of volume velocity through the glottis can also be
estimated by inverse filtering of the radiated acoustic
pressure waveform (Mathews, !Miller, and David, 1961; Holmes,
1963), although this is one step further removed from the
glottis. Other attempts to estimage aerodynamic events at
the glottis have included aerodynamic modelling in conjunc-
tion with glottal area data measured from high speed movies
(Flanagan, 1958) and experiments with excised larynxes and
animal preparations.

For understanding the mechanism of phonation, the dis-

tribution of pressure within the glottis 1is important as
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well as the pressure drop across it. Some attempts have been
made to derive this distribution by means of mathematical

and physical modelling, and these will be discussed in the

following chapter.

Experiments with Excised Larynxes and Animal

Preparations, and Observations of Human Pathologies

Experiments with excised larynxes, both of animals and
humans, have added much to understanding of laryngeal me-
chanisms. Such gxperiments were reported by Ferreiln as early
as 1741, predating general understanding of the larynx's
funetion in volce production. More recent experiments, most
notably by van den Berp (1959, 1960, 1968) and by others
(Anthony, 1968; Matsushita, 1969; van Michel, 1971), have
made use of more modern equipment and more careful techniques
to elucidate the kinds of vocallactivity of which the laryn-
geal structures are 1nfrinsically capable. Observations
and measurements can be made more completely than with a
normal larynx, and physiological parameters such as airflow
(or pressure) and laryngeal configuration can be controlled
and systematlcally varied.

The major limitation of the excised preparation - namely
that its death changes some of its mechanical properties,
including its ability to tense the vocalls muscle - can be
overcome by using live animal preparations. There are many
reports 1n the iiterature of experiments using animals,

mostly dogs, to study phonatory physiology (ec.g., R&bin,
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1963; Ueda et al., 1971; Koyama et al., 1969; Koyama

et al., 1971. In such experiments, pressure and airflow
can be elther measured or regulated, and laryngeal muscle
actlvity can be controlled. Animal preparations are, of
course, also used for studylng more basic aspects of laryn-
geal physiology such as reflex mechanisms (e.g., Kirchner
and VWyke, 1965).

To some extent, 1t should be possible to do limited
eiperimental work on pathological human larynxes during sur-
gical procedures,. but such work has not been extensively
reported. However, observations of the effects of various
pathologies on voice production (e.g. Tanabe, et al., 1972;
Hiroto, 196€) have added to the understanding of normal
laryngeal phvsiology and probably will dg, so much more in

the future.

Some Asvects of RZasic Larynmeal Physiolopy

Material in this section can be found in llegus (1940)
or in review articles (Pressman and Kelemen, 1955; Sawa-
shima, 1970). Only material specifically from other sources
1s referenced below.

Valvular Closure

As already discussed, the larynx's basic function 1s to
protect the lower respiratory tract. In hilgher species, this
function i1s distributed over two or three levels., The

highest of these, the aryepiglottic sphincter, serves mainly
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as a lateral food channel, diverting liquids around the res-
piratory opening and excluding solid objects. At  the lower
level, the thyroarytenoid folds perform a more effective
closure capable of maintaining a significant pressure dif-
ference between the upper and lower respiratory systems.
In many species (including dogs and humans), the thyroaryte-
noid fold is split into a ventricular fold and a vocal fold,
separated by the ventricle. The lower sectlon, with flat
top and domed bottom, is speciallzed as an inlet valve. The
superior section 1s speclallized as an outlet valve, with
the flat slde below.

Reflex “echanisms

The peripheral sensors avallable for reflex mechanisms
have been mentioned in the previous chanter. For purposes
of sound production, there 1s acoustic fQZdback as well as
that from touch and pressure receptors in the mucosa, stretch
receptors in the muscles, and ftenslon recepntors in the
laryngeal joints. It appears that proprioception from these
latter receptors is responsible for coordinating the move-
ments of the various laryngeal muscles (Kirchner and lVyke,
1965). Thus, for example, there might be a reflex adjust-
ment of configuration for the sudden change of conditions
that occurs at the onset of voice production.

The larynx behaves as if 1ts two halves were controlled

by a common source. All normal functions of the larynx are

bilateral, and i1t 1s not posslible to make voluntary
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unilateral pgestures with the normal larynx.

Growth Patterns

The larynx of a child is relatively high in the neck
compared to that of adults and the thyrold angle is more
rounded. The vocal folds are not only shorter, but are pro-
portionately smaller with respect to body size. The infant
glottls 1is also relatively long compared to the diameter of
the trachea. The adult female glottis 1s about as long as
the tracheal width. Male laryngeal development is identical
to female until puberty, when large changes occur. The
vocal ligament may as much as double in length and the vocal
muscle becomes generally more massive, so the adult male
glottis is agaln longer than the dlameter of the trachea.
The thyrold cartilage grows forward and bgcomes more angu-
lated. It 1s not clear whether the cracking of the voice
while it is changing 1is due ‘to 1nherent instabllity of the
vibration patterns or due to loss of control. Growth of the
female larynx at puberty is less dramatic than that of the
male. |

Physiolopy of the Respiratoryv Svstem

The respliratory svstem has been studied in detail from
several aspects. Muscular control of respiration is achieved
by expanding and contracting the thorax, due to expansion or
contraction of the rib cage and/or movements of the dilaphragm
due to muscular activity in the dilaphragm or in the abdominal

wall. Uhen the thorax expands, pressure becomes negative and



52

the lungs f111 with air, while positive thoracic pressure
tends to expel air from the lungs. Pressure in the lungs is
the sum of the pressure in the thorax and the elastic recoil
of the lung tissues. During deep inspiration, this recoil
pressure can be as large as 30 to U0 cm. of vater, and during
the mqst extreme types of vocal behavior, even greatér pres-
sure may be used. For normal speech (or voice) production,
however, lung pressure is maintained approximately constant
at.values typicaily in the range of 5 to 19 cm. of water.»
The respiratory muscles thus typically need to oppose pas-
sive deflation of the lungs at the beginning of a long utter-
ance and support deflation at the end (Draper et al., 1959).

The DC aerodynamic resistance of the subglottal tract
1s on the order of 1 to 2 cm. water per liter second, and
that of the supréglottal tract is less. The acoustic cha-
racteristics of the supraglottal tract have, of course, been
investigated In detall by speech scientists. The acoustle
impedance looking down the trachéa from the glottls has been
measured by van den Berg (1959b) and by Ishizaka (see Fant
et al., 12972). Both investigators agree that the system can
be modelled, to a rough first order, as a uniform tube ter-
minating in a large volume at thé distal end. This result
is'consistent with morphometric measurements of the lung
alrways (Veibel, 1964). However, the investigators disagree
about the acoustic properties of the tube. Currently,

Ishizaka's results indicating a flrst resonance at about
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600 Hz. seem more tenable than van den Berg's, which indi-
cated a resonance at 300 lz. Both van den Berg's and Ishi-
zaka's results show that the acoustic impedance at resonance
may be 10 times its level at DC. According to Ishizaka's
results, it may be as great as 50 acoustic ohms.

Elastic Proverties of the Vocal Ligaments

Measurements of some of the elastic properties of the
vocal folds 1n excised human larynxes have been reported by
van -den Berg and Tan (1959) and by Ishizaka and Kaneko (1968)
(see also Kaneko et al., 1971). Van den Berg applied longi-
tudinal forces df up to 300 grams to the vocal folds and to
vocal ligamenté alone. Some fypilcal results are reoproduced
in Fig. 3-1. The absclssas for the plots of the vocal liga-
. ment data were normalized by the cross se¢tional area of the
ligaments. According to van den Berg (1973) the indirectly
measured cross sections varied from 1.0 to 3.5 mm2. The
maximum extension was about 30 per cent of the rest length,
and at this extension the ligaments became nonelastic. The
curves of elongation versus tension for the ligament and
for the entire fold were roughly similar over much of the
range, indicating that 1n the excised preparation (with no
vocalls activity) the ligaments were stiffer than the vocal
muscle and surface tissues.

Ishizaka and Kaneko (1968) exerted medially-directed

tension on a thread attached to the vocal ligament or to
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the mucous membrane of an exclsed larynx that had been
transected along the mlidline. The plot of theirlresults is
reprodﬁced in Fig. 3-2. This plot also shows that the mucous
membrane was less stiff than the vocal ligament.

The vocal ligament has been modelled as a string under
tension in order to deri&e equivalent mechanical constants,
both from van den Berg's data (Crystal, 1966) and from
Ishizaka's (Ishizaka and Kaneko, 1968; Kaneko et al., 1971).
Using this model, it 1is possible to compare the two sets.of
data. The longitudinal tensions in Ishizaka's experiments
vwere equivalent to those 1n the leftmost range of van den
Berg's curves. The rates of increase of tension with total

length were about the same.

Contraction Pronerties of Larynpeal Muscles

Isometric tension of the thyroarytenoid muscle has been
measurcd by Hast (1966), who found that the muscle in dogs
was capable of exerting up to 300 grams force. The maximum
{sometric tension develoved at a given length was a function
of the length, reaching a maximum at about 3N per cent over
the resting length. Thus, 1f van den Berg’s}measurements on
dead humans can be compared to llast's measurements on live
dogs, the vocal muscle develops its maximal tension at the
length where the vocal ligament is maximally stretched, and
i1ts maximum force 1s as greaf as that necessary to stretch
the llpgament to 1ts maximum length.

Several investigators have examined temporal aspects
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of contractions of the laryngeal muscles in varioys animals
(Martensson and Skoglund, 1964, Hast, 1966; Hirose et al.,
1969). Althouph there are some differences 1in the details
from different investigators and different speciles, the
following results seem generally true:

The contraction time (measured from beginning to peak
of mechanical twitch) of the thyroarytenoid and lateral
cricoarytenoid muscles - the adductor muscles - 1s of the
order of 15 msec. That 1s, they are among the fastest
muscles in the body, exceeded only by the muscles controlling
eye movements. The criccthyrold and posterior cricoarytenoid,
on the other hand, have contraction times on the order of
30 msec., which 1s comparable to fast skeletal muscles.

Fusion frequencies (l.e., electrical.stimulation rates
for which individual twitch responses first fuse into a
smooth tetanus) of 100-per second (Hirose et al., 1069; Hast,
1969; Marakami and Kirchner, 1972) or even several times that
(Martensson and Skoglund, 19G4) have been reported. llever-
theless, investigators who observed the glottis while stimu-
lating the laryngeal motor nerve observed that amplitudes of
glottal movements were small (or zero) at shock rates equi-
valent to voicing frequency (and Marakami and Xirchner report
that reflex closure cannot follow at shock rates above 10 per
second). For thils reason, as well as for some other very

compelling reasons (e.g., Rubin, 1960) it 1s felt that



58
Husson's (1950) thesis of a centrally controlled "neuro-
chronaxic'"mechanism of phonation can be discarded.

Physiologv and !Mechanics of Voice Production

Sound production at the glottis may be due solely to the
formation of turbulent airflow or to phonation. The former,
which does not require any mechanical vibrations, includes
whisper, aspiration, and whistle or flute register, in which -
according to van den Berg (1968) - very high pitches are pro-
duced by exciting a cavity resonance with turbulence noise
produced in the intercartilaginous chilink. Here we are more
Interested in phonation, which always involves both mechani-
cal vibrations of the vocal folds and flow of alr between
them.

By varying different adjustments, tis voice can be pro-
duced anywhere within a continuum of fundamental freguenciles
(often more than three octaves), intensity levels (at least
30 dB at constant fundamental frequency, measured at the
mouth), and qualities, and it i1s used to differentiate phone-
tic categories. UHowever, there are clearly distinct modes
of vibration associated with different frequency bands, having
distinct acoustic and auditory correlates. >Changes betveen
these different modes of vibration are usually evident when
an untrained singer attempts to sing a scale from the lowest
to the highest tones he can produce. These different modes

are called "registers".



There 1s much confusion concerning the number of dif-
ferent registers and thelr names, This is due no% only to
confusion about how sounds are produced but also because
there 1s no general agreement whether registers should re-
fer to the perceptual or acoustic properties of the sounds or
the wav they are produced. For our purposes, we will attempt
to treat reglsters as physiological phenomena - different
physiological states of the glottis having distinct acoustic
and perceptual correlates.

It is generally agreed that chest (or "modal' register
and falsetto represent distinct modes of phonation. Iany
authors also distinguish a mid-regiser - used especially by
trained singers as a transition region between the former
two (van den Berg, 19€0). Other modes of phonation that

<
might be recognized as registers are breathy voice or
Strohbass and creaky voice or vocal fry.

Chest Voice (Main or '"Modal" Repister)

Chest register i1s the mode used for normal speairing and
singing. It typically encompasses a range from 80 to 300 Hz.
in adult males or 157 to €00 Hz. in adult females. 7o pro-
duce chest voice, the vocal folds are completely or nearly
completely adducted (in the absence of airflow) and they are
generally comparatively short and thick rather than stretched.

Fig. 3-3 shows some short exposure photographs of the
glottis throughout one cycle of typical chest register

phonation. The amplitudes of vibration are comparatively
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I'IGURE 3-3

Short exposure photogranhs of male vocal folds at six
phases in a glottal cycle. Fundamental frequency was
152 lz. (from Smith, 1951),

<>
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large. At its widest opening, the glottis 1s typically lozen-
geshaped, with a maximum width as large as 4 or 5°mm. (Farns-

vorth, 1210) and a maximum area of about 30 mm2.

(Flanagan,
1958). The vibrations involve much of the body of the vocal
fold (i.e., the vocalis muscle) as well as the ligament, and
the iﬁtercartilaginous glottis may also participate (i.e., the
arytenoid cartilage may vibrate). The glottal walls appear
to perform undulatory movements, with the inferior parts ad-
ducting and abducting before the superior parts. (Movement§‘
may also be nonuniform in the longitudinal dimension, but
this effect 1s not as consistent as the efféct in the verti-
cal dimension.) The glottils closes for a significant part
(as much as 50%) of each cycle. The airflow thus passes
through the glottis in discrete puffs, oz}pulses.

When chest register phonation is initiated, the initial
vibratory movements may be inward, if the glottis 1s initial-
ly open, or outward 1f the glottis 1s 1nitlally closed. Dif-
ferent aspects of the mechanisms of frequency and intensity
control are discussed in more detail below. In general, as
frequency is raised during sustained phonation, the vocal
folds become longer, the amplitudes of vlibration become
smaller, and the relative duration of glottal closure de-
creases. These changes are due to the activity of various
muscles. Changes in fundamental frequency can also be
caused by changes of average Subglottal or'supraglottal

pressure. ‘As intensity increases, the amplitudes of vibration
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may or may not increase, but the duration of glottal closure
increases. ‘These changes are probably caused by increase of
subglottal pressure.

FFalsetto

The frequency range of the falsetto register is higher
than that of the chest voice, though they may overlap. A
typical range might be 250 to 500 Hz. for adult males or 500
to 1000 Hz. for adult females. To produce falsetto, the
vocal folds are stretched to nearly thelr maximum adducted
length and they are thus thin. Available evidence suggests
that the vocal muscle is kept relatively relaxed, compared
to production of the same frequencies in chest volce, so the
ligament supports greater tension than the muscle.

During a typical cycle of falsetto ngnation, the glot-
tal shape 1s roughly a narrow rectangle and amplitudes of
vibration are small. The vibrations are largely restricted
to the vocal ligaments (not the muscles), and there is ne-
gligible vertical phase difference. During the cycle, the
glottls 1s closed only briefiy if at all, and the waveforms
of glottal area and airflow are more nearly sinusoidal than
pulsatile. 1In falsetto, fundamental frequency 1s probably
controlled mainly by variation of tension in the ligament,
and Intensity is probably controlled largely by varvinre sub-
rlottal pressure.

Other Registers

Mld-voice represents a mid region between chest repister
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and falsetto. Not all authors agree that such a register
exlsts, and if 1t does, it 1s not clear how the vibration
patterns are distinct from chest voice. In experiments with
excised larynxes, as fundamental frequency was raised, van
den Berg observed two distinct breaks in the vibration
patterns which he attributed to register shifts from chest-
to mid-voice and from mid-voice to falsetto (van den Berg
and Tan, 1959). .If there arec dilistinct adjustments for chest
and mid registers, 1t is entirely possible that experimental
results taken from phonation erroneously characterized as
chest or "modal" register might have led to some confusion.
Such a possibility is suggested, for example, by the work
of Atkinson (1973), who found an apparently different fre-
quency control mechanism in the upper and lower frequency
ranges of the speaking voice. =

Breathy volcing, which 1s probably simllar to the
"Strohbass"” described by van den Berg, may be acoustically
described by relatively low fundamental frequency, spectral
distribution welghted more toward loﬁer frequencies than
chest volce, and possibly a nolse component. It is produced
with the vocal folds slack and with the glottls less adduct-
ed than chest voice. The intercartilaginous glottis may be
chronically open, as it is when whisper 1s produced. The
vocal folds may not meet at all during their vibratory cycle.
Breathy voicing occurs in "soft" vocal attack. In some

languages Lreathy volcing 1s used to convey phonectic
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information (Ladefoged, 1964).

Vocal fry is the mechanism by which the lowest funda-
mental frequencies are produced (down to 20 lz, or lower).
The perceptual correlate of vocal fry is low pitch and harsh-
ness. Acoustically, vocal tract resonances excited by a
glottal excitatlion die out before a succeeding excitation
occurs (Hollien et al., 1966). The physiological adjustment
for vocal fry seems to involve virtually unopposed contrac-
tion of the vocalls nuscle, so that the vocal folds are short
and thick and.flaccid (McGlone and Shipp, 1971). Possibly
the ventricular folds also vibrate. There are two possible
vibration patterns in the vocal fry register (llollien and
Michel, 1968). 1In the first, the glottis opens once for
only a small part of each cycle - i.e., fhe air seems to
pass through the glottis in bubbles. Timke et al. (195Q)
have shown another pattern, where alternate glottal cycles
differ In length, or there are two glottal pulses per cycle,
In elther case, the open frication 1s relatively small and
the subglottal pressure is at least not greater than in chest
volce (McGlone and Shipp, 1971), so the airflow rate is small.

Like breathy voicing, vocal fry might be considered
pathologlical if 1t occurs chronically. However, it occurs

commonly in English speech at the end of a sentence,
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Chest Voice and Falsetto in More Detail

The purpose of this section i1s to briefly describe some
results obtained with the exnerimental techniques enumerated
in the beginning of this chapter.

Laryngoscoony, Glottopranhv, and Radiography

Stroboscopic and high-speed fllms are the main source
of descriptions of the "vertical phase difference”". It is
usefui'to polnt out that these observations arenlimited -
eépecially since the view of the inferlor parts of the vocal
folds 1s Impeded during much of the glottal cycle, and also
since the image 1s not stereoscopic. These films show that
the glottal surfaces sometimes have a concave shape known
as a "sulcus" during nart of the cycle (Smith, 1054), They
also show that a wave passes across the sunerilor surface of

ecah vocal fold in the lateral directlon after glottal

, opening (van den Berg; 1058).

High speed films of vocal initiation have shown that
the initilal adjustment from the breathing position occur
over a period of typically 159 msec. prior to the initlation
of vibrations. In thils tvpe of vocal attacl:, the initial
vibratory movements can be lnward. Generally, closure does
not occur in the first vibratory period. Rather, the vibra-
tions buiid up over a period of several cycles (typically
Y 1n normal attack - before reaching steady state).

The "glottal area'" waveform during steady phonation has

been systematically studied using high speed films and
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photoglottograms. Two useful abstracts of these records are
open quotient (the fraction of the plottal cycle during whilch
the glottis is open) and speced quotient (the ratio of open-
ing time to closing time during the open part of the cycle).
These results are effectively summarized by Sonesson (1960).
Open quotient varies between about 0.4 and 1.0, It decreases
with increasing intensity and increases with increasing fre-
quency. However, open veriod (the actual duration of the
oéen part of the cycle) decreases with increasing frequency.
Speed quotient varies less systematically than open quotient.
It is roughly independent of fundamental frequency, but in-~
creases slightly as a function of intensity. It 1s general-
ly near unity.

Both film studies and lateral x-ray-studies show a
correlation between glottal length and fundameﬁtal frequency
(see review in Sawashima, 1970; and articles by lollien and
associates). Glottal length generally increases as funda-
mental frequency increases in chest register (although the
relationship 1s not always monotonic) but there 1s little
change in glottal length in falsetto. The total inqrease
in vocal fold length 1s ahout 25 to 30% of its low-frequency
length. Hollien (196N0) and Hollien and Moore (196N) report
that the glottal length in abducted position (breathing) 1s
greater than the maximum length during phonation. It is

possible that thils result i1s an artifact of their measure-
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ment scheme (from cilne-photographs), since it disaprees with
the results of radiographic measurements (e.g. Sonninen,
1968); Glottal length is not c&rrelated with vocal inten-
sity at a given frequcncy.

Holllien and Colton (1969) and liollien and Coleman (1970)
studied cross-sectional area and vertical thickness of the
vocal folds, using conventional and stroboscopic frontal
laminagrams. Thickness was deflined to be area divided by
lateral width during closure. Thicliness decreases as fun-
damental frequency increases in chest voice but is roupghly
constant in falsetto, as could be predicted from the length
data. Althoupgh the data from 1ndividuals exhlbit a great
deal of variabllity, the groun data suggest that vocal fold
thickness 1s closely related to fundamqual freauency con-
trol. It was observed in at least -one set of group data
that the results for males and females, which fell into
different but overlapping ranges, seemed to lie on nearly
the same curve.

" Various techniaues, including radiographic methods
and measurements with "thyrometers"” (Kakita and liki, 1972;
Vanderslice, 1967) show a general correlation between la-
rynx helght and fundamental frequency in speech and singing -
especially for untrained singers. Sonninen (1905f) also
showed -that there are anterlor movements of the thyroid
cartilage, and that most of the movement about the crico-

thyroid joilnt involves rotation of the cricoid cartilage
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rather than the thyroid.

Electromyosravhy

An early result of EMG studies was the observation that
EMG activity assoclated with the initiation of phonation
preceded thils initiation by generally more than 190 msec.,
and most often 350 to 550 msec. !lore sophisticated analysis
of TFMG activity during speech nroductlon also showed a delay
between the activity of individual muscle and their cor-.
responding effect on the fundamental frequency contour equi-
valent to their éontraction times (Atkinson, 1073).

A summary of the results of MG studies with respect
to fundamental frequency and intensity control (as well as
control for speech gestures) can be found in Sawashima
(1970). LEMG actlvity in the adductor muscles (vocalis, la-
teral cricoarytenoid, interarytenoid) and the cricothyvroid
muscle 1s generally assoclated with the control of Vvoicing.
For sustained phonation In chest register, activity in all
these muscles generally increases as fundamental freauency
1s increased. At the highest fundamental frequéncies, the
posterior cricoarytenold may also become active, serving
as a tensor in opposition to the cricothyroid. The inter-
arytenoid muscle is not normally actlve during sustained
phonation. ‘hether there 1s any correlation between laryn-
geal muscle activity with intensity 1s unclear. The shift
from chest (or mid-) voice to falsetto at a given funda-

mental frequency appears to be accomplished by reduction
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of vocalis muscle activity. There may be a small reduction
in cricothyroid activity, consistent with a decreased neced
to oppose vocalis tension in order to maintain tension of
the vocal ligament. Thus, chest voice seems to require
tension of both the vocal ligament and the vocalis muscle,
while in falsetto only the ligament should be tensed. How-
ever, the function of vocalls tension in chest voice is
unclear.

As frequency increases in falsetto; cricothyrold acti-
vity reaches a maximum and does not increase further. Ex-
trinsic muscles are then resvonsible for further increases
In fundamental frequency. In gensral, the extrinsic musc-
les may be responsible for both high and low extremes of
fundamental frequency. However, the meisanisms of this
control are controversilal.

The issue of how fundamental frequency 1s lowered 1s
also controversial. There are at least four proposed
mechanisms: lowering due to relaxétion of the muscles and/-
or subglottal pressure responsible for raising pitch,
pitch lowering due to the ability of certaln intrinsic
muscle to shorten the vocal folds, lowering caused by a de-
crease in transglottal pressure produced by constriction
of the supraglottal sphincters (Lindquist, 1962; 1971); and
reduction in "vertical tension" of the surface tissues of
the vocal folds, due to lowering of the larynx (Ohala, 1972).

Of course, all or some of these mechanisms might operate
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together or at different times.

Airflow and Pressure Measurements

Average subglottal pressure during phonation may be as
low as about 2 cm. HEO for low frequency chest reglster
(Bouhuys et al., 1962; Lieberman et al., 1969) and possibly
lower for vocal fry phonation (Murry and‘Brown, 1971).
Minimum subglottal pressure for higher fundamental frequen-
cles 1s greater. The highest subglottal pressures used
for phonatlon are on the order of 50 to 60 cm. HZO (Bou-
huys et al, 1968; van den ?erg? 1962). During conversa-
tional speeeh, subglottal pressures of 5 to 10 cﬁ. H2O are
common. | |

Subglottal pressure.and”vocal'intensity are related.
Isshiki (1964) found that intensity vs. subglottal pressure

<
at constant pltch was roughly proportional to the 3.3 power
of subglottal-pressure. .cher;investigators_obtained simi-
lar results (Bouhuys et al., 1968;-vaﬁ:den Befg, 1956;
Ladefoged, 1962).

Increases 1in subglottal pressure with other parameters
held constant also affect fundamental frequency, but there
1s disagreement concerning the magnitude of thls effect.
Van den Berg (19574, Ohman and Lindqvist (1965), and Lade-
foged (1967) all report experiments in which subglottal
pressure was changed rapldly by pressing unexpectedly on

the chest of a phonating subjJect. The purpose of this

experiment 1s to remove control of subglottal pressure from
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the subject and to record the vocal response before reflex
adjustments could be made. The rates of change of funda-
mental frequency with respect to subglottal pressure from

these experiments were 5 Hz./cm, H,0, 1.5 to 3 Hz./cm. H,0,

2
and 5 cm. HZO’ respectively.

Lieberman et al. (1969) also modulated transglottal
pressure, by sinusoldally varylng supraglottal pressure.
Changes of 3 to 18 Ez./cm. H,0 were found. lowever Hixon
gi al. (1971) tried to replicate these experiments using
one of the same subjects. Varying elther subglottal pres-
sure or supraglottal ;pressure, rates of only 2-4 Hz./cm.H20
were produced. These results were obtalned both for steady
phonation and during the production of phonetic segments.
Other estimates as high as 20 Hz./cm. E,5Q have been reported
(Lieberman, 1967), but in these measurements it 1s unlikely
that the configuration of muscle activity was held constant
as subglottal pressure varied.

Average airflow rates durlng the production of sus-
tained tones in chest voilce are generally in the range of
100 to 200 cc./sec. Tor low fundamental frequencles, alr-
flow rate increases little or even decreases as intensity
i1s raised (Isshiki, 1964). This is due to the fact that
open quotient decreases as subglottal pressure Increases.

At higher fundamental frequencles, flow rate increases with
intensity. In falsetto, flow rates are generally in the

range of 50 to 100 cc./sec., and they increase almost
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linearly wilth subglottal pressure. Abnormal airflow rates
are frequently assoclated with laryngeal pathology and are
hence a useful diagnostic tool (Hirano et al., 1968).

Subglottal pressure variatlons during a glottal cycle
were measured directly by van den Berg (see van den Berg,
1962) in a patient with a tracheal stoma and a normal
larynx. Peak-to-peak variations of about 1 to 1 1/2 cm.
H20 were recorded. Preliminary measurements with a minia-
turized pressure transducer lowered through the glottls of
a normal subject (Koika and Perkins, 1968; Hiki et al.,
1970) indicate that the peak-to-peak amplitudes may be at
least as great as 3 cm. H20. The waveforms obtained in both
sets of measurements showed a ringing component at a fre-
quency whilch seems to correspond to the«first subglottal
resonance, as measured by Ishizaka (see Fant et al., 1972).
A similar component was noted in the waveform obtained from
an accelerometer attached to the external skin surface near
the trachea (Henke, 1974).

The glottal volume veloclty waveform has never been
measured directly. Estimates of the waveform obtalned by
inverse filtering (e.g. Mathews et al., 1961; Holmes, 1963;
Rothenberg, 1973) show that the glottal pulse 1is tvpically
symmetric at low Intensities with peak flow rates of typilc-
ally 500 cc./sec. As intensity 1s increased, the pulse

becomes skewed. Its falling phase becomes more sharp and
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shorter than the opening phase, and there 1s a slope dis-

continulty at the end of this phase.

Experiments with Excised lLarynxes and Live Animals

Viith excised human larynxes, van den Berg independently
controlled alrflow rate and configuration of-the laryngeal
cartllages to examine theilr effect on phonatioh (van den
Berg and Tan, 1959; van den Berg, 19f0, 1968). The effect
of these parameters on the production of different registers
and on the varlation of vibratlon patterns within registers
was studled.

In van den Berg's experiments, the larynx was attached
to a pseudosubglottal system which supplied alr at regu-
lated flow rate. (All experiments by other investigators
wlth exclsed larynxes and animals utiliigng artificial air
supplies also used airflow rather than pressure regulation.)
The crilceld cartilage was fiked to a rigld support. A
thread attached to the thyrold notch could exert longitudi-
nal tension on the vocal folds. Different methods were used
for controlling the conflguration of the arytenold carti-
lages. These methods are 1llustrated 1in Flg. 3—&. In early
experimenté, from which most of the detalled reported re-
sults were obtained, the. arytenold cartilages were elther
fixed separately with threads to the rigld support or were
connected by a single thread. Adductory force was appliled
directly to the cartilages, as shown in part A of Fig. 3-4.

In later experiments, threads were attached to the



FIGURE 3-14
Experimental methods of van den Berg.

A. (from van den Berg and Tan, 1959).
B. (from van den DBerg, 1940c).
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Interarytenold and adductor muscles and were used to exert
tension parallel to the muscles, as shown in part B of the
figuré. |

Van den Berg found that excised larynxes could produce
all the vocal registers. Longitudinalltension of the vocal
folds was primarily responsible for determining the re-
gister and was also primarily responsible for controlling
fundamental frequency within the regilster. Although mani-
pulation of the vocalls muscle was not necessary to produce
all the reglsters, the frequency range in chest and mid
register could be increased by compressing the alae of the-
thyroild cartilage. Van den Bergﬂasserted that thls proce-
dure, which limited the lateral vibrations of the ligament,
was equlivalent to tensing the muscle.

For chest voice, van den Berg found minimum subglottal
pressure levels of 2 to 3 cm. H20 and minimum flow rates of
only 30 or 40 cc./sec. For apparently normal voice produc-
tion, maximum flow rate was U400 cc./sec. and maximum sub-
glottal pressure was about 40 cm, HZO' Fig. 3-5 shows van
den Berg's curves relating flow rate, subglottal pressure,
and fundamental frequency for a larynx producing chest
voice as flow rate was varled. Varlations of fundamental
frequency wilth subglottal pressure were not linear, but

were generally in the range of 5 to 8 Hz./cm. H2O. The

thyrold cartilage could have moved somewhat during these



(65901

‘Uk] pueB Jasy Lap UBA WOJJ)

*Xuade T uruny

POSTOXS UB U3Ti JUsWTJISUXd U UL Aousnbodaj Tejausuepung pue

founsssad Tr3loTdyns

G- TUODIA

*'S9210J [el1aye[ 2318l g

‘93BJd MAOTJ UDsiileq SdTUsUuofarTad

‘s9010J [eI9}E[ :mEm :1 aanssauxd orpjoi3qns pue moyy ‘Aousnbdiy [ejuswepuny
9]} U9M]9( SUOI}T[IY 93104 }saYD ‘saxuslie] uruiny Yjra sjudutradxyy

&
Jalemwi 3inssaid ojojfqnge—  J31emwd ainssaid 3111016QnG -— 23S/ 1W MO) { =
o€ 0z 0l 0, 06 o 02 o 0, 005 007 002 0
v 1 numm nnmm ¥ T . ] L L] | L] Le L 4 Ll o
qpP7¢ 4 « _ qpsgs qPSS
1°%¢ 2 qp0oL « qpoL . !
e 4001 3 {001 1
qps8 : ° »
b4 y M qP6¢ \\Mva .m qps. qpZ9 m
= | m »
1007 apys 2 ! qpPYyL A
“ ~C ~
1 “apss 10023 PS8 10023
N ("] w
ap6Ll, 1008 ‘




)
measurements.

With stroboscopilic illumination, van den Berg noted that
there were vertical phase differences in the vibrations of
the vocal folds. During the open perlocd, a wave was seén to
travel across the superlor surface of the folds. Open quo-
tient generally increased as longitudinal tension increased,
but decreased with increases in flow rate. The vertilcal
extent of the contacting area of the vocal folds durilng the
closed period was found to increase from a minimum of about
1 mm. to a maximum of about 3.5 mm. as flow rate (and hence
subglottal pressure) was lncreased.

Van den Berg noted some effects of acoustic coupling
to the subglottal tract. When the flrst acoustic resonance
of the tract was too sharp, larynxes were not able to
phonate at the resonance frequency. -

An exclsed-larynx experiment similar to van den Berg's
.was reported by Anthony (1968). In chest voice with a larynx
producing fundamental frequencies of 350 to 600 Hz., funda-
mental frequency variled with subglottal pressure at a rate
of 7 Hz./cm. H2O wlith longitudlnal tension held constant.
Large changes of fundamental frequency could be produced
by varylng longitudinal tension.

Exclsed larynx experiments were also reported by
Hiroto (1966) and by Matsushita (1969). Matsushita studied
the vibrations with high-speed cinematography. He showed

plctures of the vibrations from the subglottal aspect,
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systems. With electrode stimulation, phonation in different
fundamental frequencles could be produced. Stimulation of
the cficothyroid muscle produced large changes in fundamen-
tal frequency. Stimulation of the vocal muscle also pro-
duced changes in fundamental frequency, but this effect was
smaller. All investigators found a linear relationship
between subglottal pressure and intensity (in dB) similar
to that found for normal humén phonation. All but Rubin
found a correlation between fundamental frequency and flow

rate (subglottal pressure).
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Chapter ' Models of the Phonatory Mechanism

The purpose of this chapter 1s to discuss the develop-
ment of models of the phonatory mechanlism and to 1indicate
thelr limitatlons.

The myoelastic-aerodynamic theory (van den Berg, 1058)
accounts for the general framework of thils mechanism. Sub-
glottal pressure and glottal airflow glve rise to aerodyna-
mic forces on the walls of the vocal folds, setting them
into vibratlon. These mechanical vibrations in turn modu-
late the flow, changlng the aerodynamic forces and producing
periodic acoustic energy. To describe this mechanism in
detail, 1t 1s thus necessary to account for toth the aero-

dynamlc properties of the glottis and the mechanical proper-

ties of the vocal folds.

wr

Early modelling efforts dld not attempt to account for
the origin of the vibratlions, but were rather concerned with
the control of fundamental frequency and intenslty. For
example, Woods (1892) applied the theory of vibrating strings,
explaining changes of fundamental frequency in terms of
manlpulation of the natural frequency of the vocal "cords".
The first mechanistlc model was studled by Yegel (1930).
Wegel hypotheslzed a mechanical system consisting of elastic-
ally hinged masses, and he analyzed its interaction with a
model of the aerodynamlc system. Recognizing that the me-
chanism of phonatilcn 1nvoived mutual feedback paths, Wegel

set up equations describing his model and made an analogy
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to the theory of vacuum tube oscillators.

Following VWegel's work, little modelling work was done
until after the advent of high-speed cinematography. Farns-
worth's (1940) observation that initilal vibratory movements
couldlbe inward, and Husson's subsequent formulation of the
neurochronaxic theory revived interest in explaining the
mechanism of phonation.

Development of the One-Mass !Model

By modelling the glottils as a uniform rectangular ori-
flce, as shown 1in Fig. 4-1, it is possible to predict the
form of i1ts aerodynamic propertles on the basls of standard
fluid-mechanics theory. (See, for example, Kaufman, 1963).
The Bernoulll effect can produce negative glottal pressﬁres.

Resistance to static flow 1s generally of the form
<>

R 2
§P = RVU + RkU

where P 1s the pressure drop across the glottls and U 1is

the volume velocity of flow through it. Ry accounts for

viscous losses along the length of the glottilis and Rk ac-—

counts for losses from the 1deal Bernoulli relations at
the glottal Junctions. In the 1deal case, the Bernoullil

pressure drop

2
PB = pU / ZAg

(where p 1s the density of air and Ag is the cross section-

al area of the glottis) would occur at the Junction with the
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~trachea and there would be subsequent recovery of the same

pressure difference at the exit into the vocal tract. More
precisely, however, the pressure drop at the upstream con-
traction is (1 + KC)PEBand the recovery at the downstream
expansion is (1 - Ke)PB. At the gradual contraction, the
loss component Kc is due partly to the formation of a vena
contracta, or constricted flow, slightly past the junctilon.
Since the apparent cross dimension of the glottis is thus
reduced at 1ts entrance, the pressure drop 1s increased and
the additional drop 1s not recovered when the flow subse-
quently expands. At the sudden expansion, the loss compo-
nent K, accounts for the fact that the flow cannot imme-
dlately pxpand and that it loses energy when 1t does so.
The form of the pressure distribution 1s,thus as sketched
in Filg. 4-2. | |

Van den Berg et g;. (1957) made measurements on a
plaster model of the larynx with a uniform rectangular
glottls of varving width. .The model was formed by making
a plaster cast of a fully adducted exclsed larvnx, separat-
ing 1t at the midiine, and reconnecting the two halves with
varying-width spacers between them. The model thus main-
tained some properties of the real larvnx whille having a
simplified representation of the glottls. The results of
these experiments showed that flow through the glottils was

essentially laminar for most glottal widths and subglottal
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pressures encountered during normal voice production, and
that the viscous resistance component, Rys was well approxi-
mated'by simple theoretical calculations. The kinetic loss
coefficients, Kc and Ke were found to be 0.37 and 0.50,
respectively, so thé; the kinetic 1loss, RkU2=(KC+Ke)PU2/2A 2
was equal to 0.87 pU /2Aé . Comparison of the kilnetic ¥
and viscous terms indicated that, for values of subglottal
pressure 1n the speech range, the kinetlc term dominates

for values of glottal width greater than about 0.4 mm.

The average pressure in the glottis is thus apparently ne-
gative until glottal width becomes very small. Neglecting
the viscous term, the glottal pressure 1s - O.SPB.

Flanagan (1958) and Crystal (1966) also took into ac-
count the time varying aspects of the model, due to both

<
time varying flow and time varying glottal volume. Both
inertance of glottal air and displacement of glottal volume
were found to be significant only for very small glottal
widths. Thus, a quasistatic model was found to be adequate
for most of the glottal cycle.

Flanagan (1958, 1968) used these aerodynamic relatlon-
ships to predict the volume velocity waveform glven the
glottal area waveform (measured from high speed films) and
the value of subglottal pressure. Because of the non-linear
relationship between glottal area and aerodynamic resistance,
the glottal volume veloclty waveform was found to be sharper

than the area waveform.



The value of differentlial glottal resistance,
R, *+ 2R.U, 1s typically 80-100 acoustic ohms. For maximum
glottal areas during phonatlon, differential resistance is
on the order of 30 ohms. The 1nput impedance of the vocal
tract becomes about that great near its filrst formant fre-
quency. Thus, acoustle interacfion between the glottis and
the vocal tract was predlicted for spectral components near
the first formant frequency (Crystal, 196f; Flanagan,
1958). Thils interaction was found to offset the glottal
flow waveform, but normally not the mechanical vibratilons
of the folds. However, effects on these vibrations can be
noted when the formant frequency is reduced to near the
fundamental frequency by having a subject phonate into a
tube (Ishizaka et al., 1968), -

Van den Berg et al. (1957) asserted that there was
1little acoustic effect of the subglottal tract. From both
theory and measurements (van den Berg, 1962), peak-to-peak
subglottal pressure variations during a glottal cycle were
found to be about 57 of the mean subglottal pressure. How-
ever, the theoretical estimates were faulty, since they
were based on DC resistance rather than acoustlc impedance
of the subglottal tract. Ishizaka's measurements of sub-
glottal impedance (see Fant et al., 1972) show that the

magnltude of this Impedance can equal that of the glottis

(for part of the glottal cycle) at frequencies near the
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first subglottal resonance frequency, so some acoustic ef-
fect would be expected. Measurements of subglottal pressure
by Hiki et al. (1970) suggest that the amplitude of the
subglottal pressure waveform can be at least as great as
that of the supraglottal pressure waveform and may be a

few cm. H2O. There 1s also other indirect evidence that

the subglottal formant 1s strongly exclted at glottal clo-
sure (for example, Henke, 1974). Thus, there may be consi-
derable varlations 1in vertical forces on the vocal folds
during the glottal cycle.

A simple one-mass model of the vocal folds was studiled
by Crystal (1966) and by Flanagan (Flanagan and Landgraf,
1968; Flanagan, 1969) in order to account forlthe effects of
van den Berg's 1ntraglottal pressure disfyribution on the
vocal folds. The model of the vocal folds was a simple me-
chanical oscillator, as shown in Fig. 4-3. The form of this
model was dictated by analytic simplicity and by the laclk of
a better form. It was apparently consldered to be equiva-
lent to a vibrating string, at least for the purpose of de-
riving 1ts mechanlcal constants from physiological data.

To analyze the model, bilateral symmetry was assumed,
so that calculations viere made for only one vocal fold. The
modei basically accéunts only for the part of the cycle in
which the vocal folds are not in contact. Thus, Crystal

(1966) analyzed only the open period of the glottal cycle.
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FIGURE 4-3

One-mass model of the larynx. (from Ishizaka and
Matsudaira, 1968).
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Flanagan and Landgraf (1968) and Flanagan (1069) developed

an ad hoc model for the closed period. The masses were al-
lowed to move past the midline (i.e. to penetrate into each
other, but at the midline the mechanical properties were
changed (stiffness and/or damping increased). This model
of the collislon may be considered to account for the dis-
sipation of energy within the body of the folds.

If the quasistatlic aerodynamic model of the glottis
1s used and if the pressure above and below the glottis is
assumed to be constant, the one mass model cannot produce
osclllations unless the mechanical losses (the viscous damp-
ing) are neglected, since there 1s no mechanism for the
aerodynanlc system to provide energy to the mechanical sys-
tem. The intraglottal pressure, Pg, is‘g function only of
the mass displacement x(t). The work done by the pressure
throughout a cycle 1s proportional to ngdx, the area of
the trajectory of the vibratlions in the Pg-X plane. As long
as Pg depends only on x, this trajectory 1is a straight line
and 1ts area 1s zero. Thus, with mechanical losses, the
model cannot oscillate unless either dynamic glottal effects
or acoustlc coupling to the vocal tract or subglottal tract
shift the Pg(t) waveform with respect to the x(t) waveform.
Furthermore, even the lossless mechanlical model cannot vi-
brate 1f 1ts acoustic load has capacitlve rather than in-

ductive reactance (that is, 1f the first formant frequency
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is lower than the fundamental frequency).

Development of the Two-Mass Model

The one-mass model was lnadequate at least 1n 1ts in-
abllity to phonate under adverse acoustlc loads and also
since 1t could not producg different registers. The model
of the glottis did not account.for the vertical phase dif-
ferences known to occur during normal phonation, and the
model of the vocal folds did not allow a differential res-
ponse to the variations in pressure along the vertical
extent of the walls. A more fundamental obJection was
voiced by Ishizaka and Matsudaira (1968), who challenged
van den Berg's aérodynamic model. On the basls of fluld
mechanics theory and measurements on a rigild glottal model,
they argued that the loss component Ke %ﬁ the Junction with

the vocal tract was glven by

- ) .
Ke 1 2N - 2N

where N 1s the ratio of glottal area to that of the vocal
tract. Since N is small during phonation, they found that
Ke was nearly unity rather than 0.5, and so the negative
glottal pressure (l—Ke)PB was smaller than predicted by van
den Berg.

Ishizaka and Matsudaira argued that the vertical phase
differences were aerodynamlcally significant, and that a
model in which motlons of the superior and inferior sections

of the vocal fold were offset in time would not only better
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represent the shape of the real glottilis but would also ac-
count for the mechanlism of phonation. They thus‘considered
a model of the glottils consisting of two uniform slits in
series, as shown in Fig. U-4, The corresponding mechanical
system conslsted of two simple mechanical oscillators coupled
by a spring. |

The simple aerodynamic model of the one-section glottils
was extended to the two-sectlon model by applylng Ber-
noulll's equation without losses to the-junctlon between the
sectlons. The equation for aerodynamic resistance can then

where va and Rv2 represent the vliscous reslstance of the
Inferilor sectlion and the superilor sectiéi, respectively, and
Al and A2 are the cross sectional areas of the two glottal
sections. It should be noted that the resistance depends
unequally on.Al and A2. This fact may explaln why the volume
velocity waveforms derived by lInversing filtering are more
skewed than those obtalned from glottal area calculations.
"Glottal area" 1s actually the minimum of Al'and A,, and so
resistance may be greater durlng the opening part of the
cycle (when A2 is smaller) than during the closing part of

the cycle (when A, is smaller).

1

If only static aspects of the aerodynamic model are

considered, and, as a further simplification, if viscous



FIGURE 4-4

Two-mass model of the larynx. (from Broad, 1973).
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terms are lgnored, the pressure, P2,'in,the superior sectlon

is —(l-Ke) U2/2A22 and the pressure, Pl’ in the lower
section 1s ;92%2_+ ke %z_; . This latter equation shows
that there 1s aerodynamic coupling between the two sections
of the glottls. Given U, the pressure Pl can be elther
positive or negative depending on the relative values of

A, and Ay Thus, the Ishizaka and Matsudaira value for Kg
accounts not only for less aerodynamic effect directly on
the superior section than van den Berg's (since P2 0),
but also greater aerodynamlc coupling between the two sec-
tions. The aerodynamic forces do no work directly on

mass 2. Assuming that mass 2 leads mass 1 in phase during
vibrations, however, A2 1s smaller than Al during the open-
ing part of the cycle so that P1 is pos{ﬁive, and A2 1s
greater than Al during the c¢losing part so that Pl 1s nega-
tive. Thus, the aerodynamic system supplies energy to the
mechanlical system through 1ts effect on mass 1.

The equations of motion of the two mass model are

given by

mxp + rixp + K (x=x )+ k (x-xp) = L4, Py

MX, + X, + ky (X=X, )+ k,(x;-x,) = L4,P,

where m, 1s the effective mass, Ty 1s the viscous damping

component, kl 1s the spring stiffness constant, is

X10
the spring offset value, and dl 1s the vertical thickness
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of the inferior part of the model. Similarly, Mys Ty k2, |
X505 gnd d2 are,the corresponding paramepers of the superior
part, and kc 1s the stiffness constant.of the coupling
spring. L 1s the effective glottal length. The displace-
ments Xy and X, are measured from the midline. (The springs
have been assumed linear, although this assumption 1s not
necessary).

Computer simulation of these equations has been carried
out by Dudgeon (1969) and, using the Ishizaka and Matsudaira
aerodynamic model, by Ishlizaka and Flanagan (1972). In.
these simulatlions, models of the closed period simllar to
those of Flanagan and Landgraf (1968) and Flanagan (1969)
were used. These studles showed that the performance of
the model was realistlc in terms of 1its dependence on
acoustic load. Other characteristics that were determined
to be realistic were the dependence of fundamental frequency
and waveshapes on mechanical constants and subglottal pres-
sure, and the ability'to simulate both chest reglster and
falsetto. (Falsetto 1s produced by making the coupling
stiffness, kc, very large so that the model 1s essentlally
a one-mass model.) '

Small signal analyses of the two-mass model have been
reported by Ishizaka and Matsudaira (1968) and by Stevens
(in preparation). Statlic equations for the masses were

written by settling time derivatives equal to zero:
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ky (%)=%19) + ko (x)=%x;) = L4, Py

ko (Xp=Xp0) + Ky (%5m%p) = LpP, = 70

The expressilon for P1 is nonlinear in Xq and X5 and also
depends on subglottal pressure, PS. These equations can be
solved to yleld at least one statlc operating point (i.e.
values of Xy and Xy for which the equations are satisfiled.)
Fpr example, if‘xol = X0 # 0 and viscous aerodynamic
terms are lgnored, cne solutlon of the equatlons 1s at the
resting position. Consldering only small displacements of
the masses from these points, the equatlons were linearized
and the powerful technigues of linear systems analysis were
applied. The model can inmnitlate vibratlions only when the
small signal equations have an unstable‘%olution. The form
of the 1Instability can also be related in a rough way to
the large slignal performance characteristics of the models.
The effects of acoustic loading can also be accounted for
in the small signal equatilons. |

Ishizaka and Matsudaira (1968) showed by small signal
analysis that the oscillation conditions for the two mass
model were essentlally independenﬁ'of acoustic load. Aero-
dynamlic coupling appears in the form of an equivalent spring
with negative spring constant coupling the two masses. Thus,
1f one mass 1s slightly disnlaced from 1ts operating point,

the mechanical coupling tends to pull the other mass along
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while the aerodynamic coupling tends to push 1t the other

way. For oscillations to occur, the aerodynamic coupling
stiffness must be greater than the mechanical coupnling
stiffness. Stevens (in prevo.) notes that there are two
posslible types of unstable solutions to the small signal
equations. In one, the displacements grow exponentlally
whille in the other they oscillate within a growing envelope.
These solutions occur in different regimes, so that the
former produces low fundamental frequencies and can be con-
sidered to be ailrflow controlled while the latter produces
relatively higher fundamental frequencies and can be con-
sldered to be stiffness controlled. Stevens also suggests
that the  two-mass model may be able to account for some
aspects of laryngeal behavior during both vowels and con-
“

sonants in speech production.

Discussion: Other VModels

The two mass model seems capable of reproducing many
of the performance characteristics of the real larynx. The
conclusion that the aerodynanic implications of vertical
phase differences are an Iimportant aspect of the vibration
mechanism 1is convincing. Ilowever, 1t cannot be concluded
from these results that the particular form of either the
aerodynamié system or the mechanical system for the two-mass
model accurately reflects their real analogues. For
example, Dudgeon (1969) produced realistic osclllation 1n

a two-mass model with an aerodyvnamic system somewhat
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different from that of Ishizaka and Matsudalra. ‘ore re-
cently Titze (1973, 1974) produced oscillations with a model
whose mechanical properties were distributed 1nto two ver-
tical levels in a manner different from that of the two-mass
model of Fig. U-4, An important aspect of Titze's model was
that the masses could move both vertlcally and horizontally.
Titze's model also explicitly accounted for the string pro-
perties of the structures by distributing thelr properties
within sight segments in the longltudinal direction.

The development of the two-mass model required the
generalization of the aerodynamlc model of a one-sectilon
glottls to two glottal sections. Although the one-section
model of the glottls was supported by physical measurements,
no direct test of the extenslion to two iigments was made.
Similarly, development of the mechanical system has been
gulded more by analytic consideration than by physical fi-
delity. The correspondence between anatomlcal structures
and model parameters 1s unclear. For example, the two
masses in Ishlzaka and Flanagan's model are considered to
represent different parts of the vocal ligament and perhaps
the vocalis muscle. In Titze's model, these structures are
represented by one mass, and the other mass 1s considered
as representing the mucous membrane. Hirano (1974) has
suggested that the mucous membrane ought to be viewed as a
vibratory structure distinét in general from the elastic

and muscular structures. An implication of this assertion
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1s that the distribution of mechanical properties ought to
be modelled in the lateral direction as well as in the ver-
tical direction. It can be argued that a model with lateral
distribution ought to at least be able to account more ac-
curately for the mechanisms of glottal closure.

The assumptlion for the one mass model that vertical
forces can be lgnored might be challenged, on the basis of
the preliminary results of Hikl et al. (1970, relating to
the time variation of the pressure drop across the glottis.
In the extension to two masses, moreover there are certain-
ly large varlatlions 1n pressure across the thickness of
mass 2 during a cycle. Similarly, the assumption that ver-
tical movements durlng the cycle are small might also bé
challenged, especlally on the basis of observations by
Matsushita (1969) and others. =

In summary, the complex two-mass model has been shown
to produce realistic results, and other complex models can
probably also produce realistic results, at least as far
as some aspects of the behavior are concerned. It would
thus probably not be useful to continue extending and im-
proving models on the basls of theoretical studles alone.
Rather, it 1s more useful to develop constralnts on the
forms of acceptable models by direct physiological and phy-
sical experiments. Since many such experiments can only
be performed on exclsed or animal larvnxes, it 1s worth-

while to develop models for these preparations speclfically
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and to test them directly against theilr real counterparts as
a stev toward understanding the detalled mechanisms of the

in vivo human larynx.

wr
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Chapter 5 Apparatus and Procedures

Source of Larvnxes

Larynxes were excised within one hour post-mortem from
mongrel dogs welpghing 20 to 30 kg. The dogs were experiment-
al animals from coronary research units at Harvard Medical
School. All were anestheslzed and were intubated with
endotracheal tubes. Some, used only as blood donors, were
sacri(iced withiﬁ an hour post-anesthesia. Others were used
for experimental procedures involving surglcal impairment
of the conronary circulation and subsequent treatment for a
duration of 4 to 24 hours. These procedures did not ob-
viously impalr the larynxes.

The larynxes were exclsed with some of theilr extrinsic
structures, 1ncluding a short section of“trachea. After
excision and when not in use, they were kept 1n a solution
of 3/4 physiological saline (0.67% NaCl) in a refrigerator.
The solutlon was found by &an den Berg and Tan (195Q) to be
apprépriate for maintaining the water contént in the laryn-
geal tissues.

Typical unstretched glottal length for these specimens
was 3 cm., from the anterior commlssure to the posterior
commlissure, stretchable to ébout 3.6 em. Of this length,
about 1 cm. was intercartilaginous (i.e. between the bodles
of the arytenold cartilages, not including the vocal pro-

cesses).
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Preparation of Srnecimens

Preparation of the larynxes was modelled after van den
Berg's, as described in his later publications (e.g. 1960c).
The larynxes were first stripped of thelr extrinsic
structures, except for a short sectlon of the'trachea, and
of their ventricular folds. A small rigld bar was attached
to the lamina of the cricoid cartilage, using several sets
of surgical -threads which passed Into the cartilage but not
through its internal surface. The bar was subsequently used
to fix the cartilage to the apparatus. Three sets of
threads were then attached to simulate the activity of the
arytenoid muscle, the adductor muscles, and the tensor
muscles, respectively. (Actlvity of the vocalis muscle can-
not be adequately simulated.) Photograpgf illustrating
these attachments are shown 1n Flg. 5-1.

The attachment of the bar 1s best i1llustrated In part A
of Fig. 5-1. Parts A and B show the attachment of the
threads to simulate the interarytenoid muscle. After the
muscle was freed along 1ts length, loops of thread were at-
tached at each side near the insertlons into the muscular
processes. These loops were subsequently crossed (as shown)
and then tensed to simulate muscle activity. Attachment of
the threads to simulate the adductors 1is shown in parts C
and D of the figure. The-lateral cricoarytenold muscles

were freed along thelr lengths, and threads were attached
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FIGURE 5-1

Photographs 1llustrating preparation of the Larynx.
(A.) Lateral aspect, (B.) Supero-Latero-Dorsal asvect,
(C.) Lateral aspect, with thyrold ala deflected showlng

attachments to the muscular process, (D.) Anterior
aspect. ’
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at thelr 1insertions into the muscular processes, as shown
in part C of the flgure. These threads were passed an-
terlorly through the cricothyrold space medial to the crico-
thyrold muscle and connected to form a loop, as illustrated
in part D. Another loop was attached to pull-on both sides
simultaneously when tensed. The resulting tension was
roughly parallel to the adductor muscles. Finally, as shown
in part D of Fig. 5-1, a small loop of thread was attached
at the thyroid notch. Attachments to this loop could be
used to rotate the cartilage about the cricothyroid joint,
simulating activity of the tensor muscles.

Avparatus for Producing and Observing Phonation

A schematlc sketch of the overall experimental setup
1s shown 1n Fig. 5-2. A photograph is shown 1n Flg. 5-3,
The apparatus can be convenlently discussed 1n three stages:
a subglottal system (thch 1tself can be described in three
parts) which suppllies warm, moist air to the larvnx at known
pressure and flow rate, apparatus for supporting the larynx
and controlling its configuration, and apparatus 1lluminat-
ing the larynx and alding in 1ts observation.

Subglottal System: The subglottal system consists of a

regulation stage, a warming and humidiflicatlon stage, and
finally a pseudo-subglottal tract. |
Alr was obtained from compressed-gas cyllnders wlth

delivery pressure adjustable in the range of tens of PSI. In
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FIGURE 5-2

Schematlc sketch of the Apparatus.

o
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FIGURE 5-3

Photograph of the apparatus.
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early experiments, the alr was then passed through a con-
striction with aerodynamic resistance much greater than that
of thetlarynx. As a result, the system delivered air at
regulated flow rate proportional to the regulator delivery
pressure. The flow rate was monltored using a floating-ball
flowmeter in line with this system. All previously-pub-
lished excised-larynx work has employed similar flowrate
sources. In most of the experiments reportéd here, an
attempt was made to better simulate the human subglottal
system by regulating subglottal pressure instead of flow
rate. A low pressure line regulator (0 = 40 ecm. HZO) re-
placed the airway constriction. The regulator (Matheson
model 70B) was modified to reduce 1ts source resistance.
However, the effective source resistanceﬁyas still roughly

7 to 10 cm. HZO per liter per second for just the regulator.
In addition, the rest of the subglottal system adds more
resistance, so that the total effective resistance of the
subglottal tract was 15 to 20 cm. HZO ver liter per second,
or roughly ten times that of the human subglottal tract.

In the flow-regulator system, warming and humidifying
the alr was accomplished by bubbling it through warm water.
From this stage, the air was passed through a large reser-
volr (a modified pressure cooker) which served to smooth out

the flow. It was also useful for attaching a manometer to

monitor average subglottal pressure, and a thermistor to
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monitor temperature. 1In the pressure-regulatér system, warm-
ing and humdification was accomplished in the pressure
cooker 1ltself to reduce the resistance associéted with this
stage. The air was vented through filter floés which was
molstened by warm water at the base of the reservoir. From
the reservolr, the alr passed through a long section of
tubing to the pseudosubglottal tract. \

In addition to the conditioning of the supplied air,
steps were taken to keep the entire room as warm and as
humid as possible. As noted by van den Berg and Tan (1959),
these condltions were necessary to prevent thé larynxes from
drying out, thus 1mpairing thelr functilon. 1

The pseudosubglottal tract 1s illustrated in Figs. 5-2
and 5-3. Air arrives through the long tgping from the pres-
sure cooker into a 1 llter reservolr, which r#ughly simulates
the acoustical effects of the lungs.(by forming a relatively
large volume termination to the tract from the glottis). It
passes through a section of 3/4 inch ID tubing, simulating
part of the tracheobronchial tree, to the subglottal fitting.
The subglottal fitting 1s fashloned from a brass "tee",
one opening of which 1s sealed by an optlcal glass window for
viewing the phonating larynx from the subglottal aspect. The
fitting has an 1nternal diameter of 1/2 inch at 1ts narrowest
point, so i1t does not significantly constrict the air;ay.

At the flow rates of interest, the bend should also not
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significantly affect the alrflow patterns at the glottis.
The entire tract from the pressure cooker to the larynx
is heated using loosely wrapped nichrome wire 1n order to
minimize condensation and prevent fogging of the subglottal
window, |

The section of trachea attached to the larynx 1is con-
nected to the subglottal fitting using an adjustable hose
clamp. The entire length of the tract from the opening
of the 1 liter reservoir to the glottis is then roughly
25 cm. The system was found to have a first resonance at
about 400 Hertz with the glottis closed.

Control of Larvnxes' Conflguration: The ‘apparatus for

supporting and controlllng the larynx 1s lllustrated in
Figs. 5~2 and 5-3. The bar attached to the cricold carti-
lage was c¢lamped at an adjustable héight and angle below
the subglottal fitting; The larynxes were.supported In a
horizontal positlion so that observations codld be easlly
made from both the supraglottal and subglottal aspects.
They were aupported with the anterior surface up for several
redsons: this.:orlentation simplifles control of the threads,
causes moest of the condensation to exit through the inter-
arytenoid space rather than the membranous glottis, and is
the orientation that would be used for in-vivo experiments.
N
Adjustable tenslion was applled to the 1nterarytenoid

and adductor threads using springs attached to threaded
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rods. These could be attached to thé apparatus at various
locations to change the angles at which the tensions were
applied. In the early experiments, a similar scheme was
used to apply tension to the tensor thread. However, for
most of the experiments described here, a rigid rod was
used to fix the thyrold cartlilage with respect to the ap-
paratus, and the cartilage was attached to the rod using
an elastic band attached to the loop of thread.

As shown 1n the figurs, the apparatus for supporting
the larynx, the subglottal fitting, and the tension pro-
duction apparatus was supported between two rods which were
designed to minimize vibrations or flows. The rest of the
apparatus with external attachments (the 1 lilter reservoilr
and electrical equipment with cables) was mounted on a
separate set of rods which were most flexlble.

Observation of Phonation: The support apparatus was

mounted on an aluminum disk on the top of a .rotary lndexing
table. The tabletop could be translated along two horizont-
al rectangular axes and rotated, so that observations could
be made from any aspect. (The tublng from the pressure
cooker to the 1 liter reservolr was long enough to allow
thils rotation.) Observation was made either wlth the naked
eye or through an Americén Optical stereo microscove, which

had a nominal 4 inch working distance and avallable magnil-

fication of 10, 20, and 40 times. The microscope's working
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distance was sufficlently long to focus on the vocal folds
through the subglottal window.

As showm 1in Figs. 5-2 and §-3, the larynxes were 11-
luminated from the anterior-superlor aspect by a General
Radio model 1531A stroboscope suspended above the specimen.
A mirror surface was placed below and in front of the
larynx to reflect this light back to the anterlor parts of
the glottis (even when 1t was closed) to 1lluminate the
subglottal space. The stroboscope could be operated asyn-
chronously, to show the vibrations in apparent slow motion,
or synchronously, to stop the motleon at an arbitrary phase
in the glottal cycle. Thils mode 1s descrilibed below.

A Sanborn physiologlical pressure transducer (model
268B) was coupled to the subglottal tract, roughly 10 cm.
from the glottils using a 16 gauge hypodermic needle. This
system had a limited frequency response (to about 300 Hz.)
similar to those reported by Edmonds et -al (1971). It was
used to derive a signal related to the subglottal pressure
waveform. For some experiments, a weatherproofed minlature
electret microphone (Thérmoélectron model 5336CX), which
had a flat frequency response throughout the audlo range
and a dynamlc range up to 159 dB SPL, was also mounted
about 10 cm. from the glottls. (This transducer proved to
be inadequately weatherproofed for this application. A
bonded straln gauge transducer for wideband monitoring of
subglottal pressure would perform better.) The output of

(
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one of the pressure transducers was used to trigger a Tek-
tronix_model 532 oscilloscope, which disvlayed the waveform.
The oscllloscope has a delayed sweep mode with delay con-
trolled by a panel dlal. This feature was used to generate
a trigger pulse at an adjustable delay, which'was monltored
on the scope face. Thié pulse was used to trigger the
stroboscope at the desired phase. The trigger output of the
osclilloscope was also input to a frequency counter which
was used to measure fundamental frequency. This method of
measuring fundamental frequency provlided visual confirmation
that no triggers were milssed and no false triggers were
Included in the count.

Figure 5-4 shows photographs at elght phase increments
of a typical cycle of phonation from the _supraglottal and
subglottal aspects. These photographs were made with 1/4
secopd exposures usinghthe stroboscope triggering described
above (roughly 10 flashes per exvosure). The resolution of
the photographs indicates that the system provided a suf-
ficlently stable trigger signal. There are black spots
evident on the photographs. These are due to clumps of
small carborundum particles which were placed on the vocal
folds. The photographs illustrate that these particles
were usefullfor visualizing the vibration patterns.

Measurement of Particle TraJectories

The microscope - rotary-table apparatus was used with
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FIGURE 5-4

Photogravh showing a phonating glottis from the
superior and inferior aspects at elght phase increments
through the cycle. The vhotogranhs are shown two to a
page with time 1increasing from top to bottom and in order
of 1ncreasing page number. The inferior and suverior
views at corresponding phase Iincrements face each other
on alternate pages.
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jsynchronous stroboscoplc 1llumination to measure the
instantaneous frontal-plane positions of the carborundum par-
ticles.or other points on the vocal fold surfaces. To make
these measurements, the microscope and rotary table were
both fixed to a rigid base. The microscope could only move
in the vertical direction (i.e. perpendicular to the frontal
plane), as indicated in Fig. 5-2. All other motion was
provided by the rotary table, whose translation axes were
oriented roughly parallel and perpendicuiar to the optical
axls. As already mentioned, the tabletop could be rotated
so that the optlcal axis was at any horlzontal angle with
respect to the larynx.

For measurements, only one eyeplece of the stereo
microscope was used. Measurements were ggde using the
highest avallable magnification. The particles used for
measurement were small enough (§%6 inch) that their size did
not limit the resolutlon of the measurements. Measurements
perpendicular to the optical axls were made with the aid
of a microscope eyeplece reticle. Measurements parallel to
the axls were made using the limited focal depth of the
microscope at its hilghest magnification.

Two rectangular coordinate systems were defined. One
was the frontal plane coordinate system (X-Y) attached to

the tabletop and thus fixed wlth respect to the larynx. The

X axls was 1n the lateral-medial direction and the Y axls



was in the inferior-superior direction. The primed coor-
dinate system (X'-Y') was defined by the translation axes

of the table. The optical axis was roughly parallel to the
Y' axis. Both coordinate systems had a common orlgin, which
was fixed to the center of rotation of the tabletop. The
angle of rotation, &8, between them was read from the rotation
dial of the table. The dial was calibrated in 3 mlnute
intervals.

The measurement system was initiallized by translating
the tabletop until 1ts center of rotation was centered 1in
the eyeplece reticle and also centered within the depth of
focus. A telesconing needlepoint accurately aligned with
the rotation axls was provided for this purpose. With the
tabletop in thils position, the adjJustable axis dlals were
set to zero. The X'-Y' position of any ;oint could then be
measured by translating the tabletop untll the polnt was
simlilarly centered in the microscope's fleld. The ccordi-
nates were then simply read off the axls dials. The angle
8 1is alsb recorded,.and this information was used to con-
vert the mea;urements to the common X-Y coordinate system.
Thus, measurements could be made from any angle for which
the polnt was viéible, including through the subglottal
windows.

Translation along the table's axes was calibrated in

0.001 inch Increments and was accurate to 0.002 inches
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(0.05 mm.). Measurement accuracy along the Y' axls was
limited by the optles, and was usually accurate to within
0.005 inches (0.13 mm.). Because of the coarseness of the
measurement along the Y' axls, the measurement was generally
repeated several times (by defocussing and refocussing the
image) before the value was recorded. Measurement accuracy
in the X-Y coordinate system 1s found by transforming the
limits 1in the X'-Y' system for the value of 8 used. Re-
solution of the angle does not significantly affect this

accuracy.
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Chapter 6 Results I: Gross Performance of Excised Larynxes

The purpose of this chapter is to describe the gross
behavior of the exclsed larynxes at a level that can be com-
pared with normal human phonatlon and with the results of
other excised-larynx studies. Thls description sets the
context for the detalled results presented in the next
chapter. The results presented here also represent a con-
tributlon to the study of phonation in general.

Registers

By varying the controls of the larynxes' conflguration
and the subglottal source, phonation could be produced in
different registers. The initial (no-flow) configuration
used for most experiments was with the glottls closed or
nearly closed and the vocal folds at nearly their natural
(relaxed)length (és the subglottal source was slowly activat-
ed, the glottis ovened prior to the 1nitiation of phonatory
vibrations, however). In thils configuration, a "modai"
reglister - i.e. one tyrlcal of the human speech range - was
produced. Photographs 1llustrating phonation in this
register were shown 1n the previous chapter. Phonation in
thils register could also be produced with no-flow glottal
width ranging from closed to about 1 mm.

A clearly distinguishable falsetto register with proper-
tles similar to those described by van den Berg (fundamental

frequency greater than 200 Hz, thin glottis, small vibration
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amplitudes and no vertical phase difference, open quotlient
at or near unity) was produced when the vocal folds were
stretched to nearly their maximum length. It was found,
however, that falsetto could not be produced with a larynx
whose condltion had deteriorated, due either to the effects
of advanced post-mortem age or to desiccation during the
course of an experiment.

At the other extreme, an analogue of van den Berg's
Strohbass register (shortened glottis, large amplitude
vibrations at low fundamental frequencv wilth no closure,
low values of subglottal pressure and airflow) was not
normally produced. Rather, with small longitudinal tension
and small values of flow and pressure, an apparent pulse
reglster or vocal fry (with fundamental frequencv typically
60-80 Hz and closure for as much as 3/4 of the cycles) was
produced. Low- to moderate-frequency phonation wlth no
closure and generally hlgh flow rates was vproduced with
larynxes which had become désiccated durlng the course of
an experiment. [Open quotient and flow rate generally in-
creased as desiccation progressed.] Other anomalous modes
of phonation, for example with two pulses per cycle, were
also produced under some conditions.

Within the "modal" register, sudden shifts 1in the vibra-
tion patterns sometimes occurred, either spontaneously or

when the controls were changed slightly. The character-

istics of this shift seemed conslstent with the chest
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register-mid register dichotomy described by van den Berg.
Compared to the lower (chest) register, the higher (mid)
register had higher fundamental frequency, larger oven
quotient, and correspondingly smaller glottal resistance.
For example, with the flow rate at the regulated value of
200 ce/sec., a spontaneous shift from the higher to the
lower mode occurred with the following characteristics:

"mid voice" - Fo = 20N Hz, Ps = 10 cm. H, 0, 0Q = 7/8

2
"chest voice" - Fo = 140 Hz, Ps - 17 cm. H2), 0Q = 3/4
In another example, an Fo Jjump between 85 Hz and about
200 Hz was produced repeatedly by varying subglottal
pressure. Under strohoscoplc observation, the greatest
distinctlon between the two vibratlion patterns was on the
lower surfaces of the vocal folds. In the higher mode,
this part of the glottls vibrated little or not at all
about 1ts average widﬁh, which was relatively narrow. For
the lower mode, the average width was wider but amplitudes
of vibratlion were larpge enough to cause closure. Preced-
ing the shlft from the higher to the lower mode, small
vibratlons could sometimes be seen bullding up in the sub-
glottal reglon until the change of state suddenly occurred.
According to van den Berg (1960) the transition be-
tween chest register and mid register need not be discon-

tinuous. If there are indeed two registers, there is no

fixed boundary between them. As can be sald for other
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studies of phonation, the experiments may have included a
mix of two reglsters, although we have attributed them to
chest Qoice.
Stability

For larynxes in good condltion operating in the middle
of thelr ranges with appropriately warmed and humidified
supplled and ambilent alr, cycle-to-cycle stability (jitter)
was not a limiting factor for the experiments. Under these
conditions, the. subglottal pressure trace on the oscillo-
scope was steady and particles on the vocal folds were
stable and sharply defined under synchronous stroboscoplc
1llumination. However, significant condensation in the sub-
glottal tract caused increased Jitter. Jitter also in-
creased when the larynx was not operating in a "comfortable"
range, elther near the extreme of subglottal pressure or
when the tissues became desiccated or otherwise deteriorated
in physiological condition. (The high extreme of subglottal
pressure in these experiments was when the vibratlons be-
came very lrregular, excesslve nolse was produced, or the
vibrations seemed otherwise non-physiological.)

During an extended run, stablility was a severely limit-
ing factor. It was found difficult to maintain steady state
vibration for the periods (at least greater than 15 minutes)
required to make measurements. The balance between avoiding
cbndensation and fogging of the subglottal window on one

hand and tissue desiccation on the other hand was difficult
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to achieve. It was hoped that the pressurefregul?ted sub-
glottal source would maintalin stable vibratlions over a wider
range of tissue condltions than the flow-regulated source,
since pressure seems to be more directly related than alrflow
to the control of phonation. However, no dramatic improve-
ment was obtalned. Thus, many runs for detailed measurements
were terminated with an incomplete or invalid set of measure-
ments.

Run-to-run and day-to-dayv variabillity, which depend on
the conflguration of the larynx as well as the condition of
the laryngeal tilssues, was of course large. However, no
dramatlc effect of post-mortem age was noted up to the point
where the tissues visibly deterlorated. For runs simulat-
ing normal phonatlion, larynxes were used. up to a post mortem
age of about 3 weeks, though most runs were within 2 weeks
post~mortem. It was élready noted, however, that difficulty
was encountered in producing falsetto in some old larynxes.

Variables Describing Steady State Phonation

Table 6-1 shows measured values of the variables fun-
damental frequency (Fo), subglottal pressure (Ps), glottal
volume velocity (Ug), and open quotient (0Q) from experi-
ments in which detalled measurements were made. As noted
In the table, some rows reflect changing conditlons within
a run. Because of the stabllity problems mentloned above,

a majority of these experiments did not result in a complete



TABLE 6-1

Measured values of phonatory varameters durilng
experimental runs. The varlables tabulated are post-morten
age of the preparations 1n days, fundamental frequency
(P ) in Hz., average subglottal pressure (Pg) in cm. H
ngttal flow rate (Ug) in cc./sec., and open quotlent
0@ was not measured for all cases. Thils 1llst does not
include runs where only vartial informatlon about the other

4 parameters 1s available.

O)

2(0Q).



Post-Mortem 0qQ
Age Fo P, U, . (Where
Larynx (days) (Hz) (cm H20) (cc/sec) Measured) Comments

U, Regulation
L3-30-3 4 120 9 300 1

Weak wibrations

Deteriorated
5 140 12 250 5/8
5 140 12 200 6/8
10 87 9 325 5/8
L7-13-3 6 83 9 225 -
P, Regulation
18-23A-3 11 - 90 8 380 -
Same run but
11 80 7 400 - conditions drifted
12 90 7 "310 4/8
Same run after
12 100 7 330 5/8 70 minutes
1L8-23B-3 14 110 9 230 -
L8-24-3 11 110 8% 310 6/8
1L9-28-3 5 102 13 300 =
. Same run after
4 L i 373 - 10 minutes
12 100 8 275 -
L10-12-3 17 - 86 8 450 478
17 84 7x 525 S5/8 Same experiment
L11-1+3 12 120 11 450 -
L1-18-4 18 130 12 250 -
18 139 9 275 -
18 105 8 190 -
. Open no-
19 81
¢ 00 ; flow glottis
19 80 6 275 1 Deteriorated
Open glottis
19 112 7
<8k ! Deteriorated
19 103 8 250 5/8 Open glottis
L2-26-4 6 88 7 215 -
7 94 8 325 -
7 110 7 400 _ Same run after
15 minutes
7 125 9 250 -
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set of detalled measurements. The table thus represents a
sample of measurements. It also does not account for all
the experliments whose results will be discussed in the next
chapter.

Figure 6-1 shows a scatter plot of Fo vs Ps from Table
6-1. There is a point on the plot for each row in the
table, and different larynxes are represented by different
plotting symbols. These symbols are unfilled for exveri-
ménts in which the subglottal source was a volume velocity
regulator and filled for those with a pressure regulator.
The variability reflected in the plot has an intra-larynx
component and a larger inter-larynx component. The differ-
ences between source regulation do not appear to be system-
atle. <

Subglottal pressure and fundamental frequency both fall
into ranges typlcal for normal human phonation. Ps 1s in
the range of 5 to 17 .cm H2O wvith greatest concentration in
the 7 to § cm. HZO range, while Fo ranges from 80 to 140 Hz,
with greatest concentration in the 80-110 Hz range. The
scatter plot indicates a rough correlation between the
variables. Data points seem to cluster around the 6 Hz/ cm
HZO line which has been drawn. There 1s no dramatlc cluster-
ing into groups that would indicate distinct modes. TFlow
rate ranged from 100 to over 500 cc/sec.,with greatest

concentration in the 225 to 325 cc/sec. range. These rates
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Scatter plot of fundamental frequency versus subglottal
pressure from Table 6-1. The £ Hz./cm. Hs0 line was drawn
in arbitrarily.
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are higher than those typlcal for human phonation, but they
are similar to those reported in other experiments with ex-
cised larynxes (e.g. van den Berg and Tan, 1059) and live
dogs (Koyama et al., 1971). The difference is partly due to
incomplete closure of the interarytenoid part of the glottis.
It was already noted that 0Q increases as the tlssues become
desiccated, and Ug Increases corresvondingly. Prohably
because of these factors, there was no obvious correlation
between Ug and any of the other variables.

0Q was 1n the range 1/2 - 1. The higher values were
obtained generally when the ;tate of the larynpeal tilssues
had deteriorated significantly from their "normal' condition
during an experiment. Often, the glottls closed over part
of 1ts length but complete closure was ngp attalned.

Initiating and Sustaining Phonatilon

Phonation was initiated by adjusting the larynx to an
appropriate configuration and then slowly increasing sub-
glottal pressure. The no-flow glottal configuration was
closed or nearly closed for these experiments, although
phonation could also bé initiated with the glottis open some-
what. The value of Ps for which initiation occurred was
found to be at least 3 cm. H2O for these experiments. The
value was extremely sensitive to the condition of the
laryngeal tissues. For example, a value of 3 cm. H20 was

required at the beginning of one experimental session, but
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but at the end of the session (after 1 3/U4 hours) when the
laryngeal tissues were quite dry, a subglottal pressure of
8 em. H,O was requilred.

Similar values of subglottal pressure for initiating
phonatlion were found with volume-veloclty regulator and
pressure regulator subglottal sources., Of course wlth the
volume veloclty source, pressure lncreases suddenly as
the vibrations start and glottal resistance lncreases.

With the smaller source resistance of the pressure-regulator
source, pressure 1s more nearly constant as phonation starts.

With the configuration held steady, phonation could be
sustained as subglottal pressure was reduced to a value
below that for which phonation was spontaneously initiated.

A minimum value of 2 cm. HZO was found. .Thls value was also
found to depend on the condition of the tissues. In the
example cited above (in which the values of Ps for initiation
were 3 cm. H,0 and 8 cm. HEO at the beginning and end of a
sesslon, respectively, the corresponding minimum values to

sustain vibration were 2 cm. H,0 and 4 em. H,O0, with flow

2
rates of 110 cc/sec and 380 cc/sec respectively.

For values of subglottal pressure slightly below those
required for spontaneous phonatlon, vibrations could some-
times be started by deflecting the thyrold cartilage or the

folds themselves. With Ps very near the critical value,

only the slightest disturbance (such as banging on the table)
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was required. Cases were noted where actual phonation began:
after an initial period during which small growing vibra-
tions were evident. This result sﬁggests validity for the
modelling concept of predicting phonation on the basis of
instabillity of a small-signal model (Ishizaka.and Matsudaira,
1968; Stevens, in preparation).

Regulation of Phonation

Phonation could be regulated elther by varylng the
configuration of the laryngeal tlssues or by adjusting the
subglottal source. Only the effect of subglottal oressure
variations on fundamental frequency were studled quantita-
tively.

Previous work with excised larynxes (e.g. van den Berg
and Tan 1959; Anthony, 1968) utilized volume~-velocilty
regulators for the subglottal source. The results of these
studles suggest that F§ varles with Ps at an average rate of
5 to 7 Hz/cm HZO’ when subglottal pressure 1ls varled by
adjusting source flow-rate.

Some experiments were carrled out in which the pressure-
regulator subglottal source was used. In these experiments,
pressure was variled in l—cmlH2O steps. It was fouhd that
fundamental frequency varled with subglottal pressure at a
rate of 5-7 Hz/cm H2O, and flow rate also increased as
pressure 1increased.

Figure 6-2 shows the results of one such run, comprising
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two ascending-descending series. For most of the range over
which Ps was adjusted, Fo varied at a rate of about

6 Hz/cm H,0. Toward the end of the run, when the tissues

were severely deslccated, Fo became less sensltive tg
pressure changes. (In other experiments, rates below
3 Hz/cm H2O were measured with desiccated preparations.)
Results of a run with another larynx in which variations of
both Fo and Ug were measured are displayed in Fig. 6-3.
The slope of the Fo versus Ps line is about 5 Hz/cm H20 in
this case. The figure shows that volume veloclty increased
‘as subglottal pressure was raised. It also indicates that
little systematic effect on Fo resulted from increasing
tension on the adductory threads. (Their initial tension
caused a closed no-flow glottis.) This lack of influence
conflicts with van den Berg's findings (van den Berg and
Tan, 1959). . |

In Fig. 6-3, the arytenold cartilages separated some-
what for the highest subglottal pressures during the flrst
run but not for the second run, due to lncreased adductory:
tension.: The resulting airflow rate 1s higher in the first
run. This 1llustrates that, 1in interpreting such experi-
ments, 1t should be remembered that the laryngeal conflgura-
tion was held constant in the sense ihat the thread adjust-

ments were not changed, but not necessarlily in the sense

of maintaining the cartilages in fixed position.
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The rate of change of Fo with Ps was not always con-
stant over iﬁs whole range. Figure 6-4 shows the results of
one experiment in which the average slope was about
5 Hz/cm H2O over a range that would be normal for human
phonatlion. At the higher range, however, the rate was

3.5 Hz/em H,O.

2

Figure 6-4 also illustrates another phenomenon. In
some (but not all) experiments, a systematic difference
was noted between runs with ascending and descending
changes in subglottal pressure. The explanation for the
hysteresis effect 1s not known. It may reflect only the
cumulative drying effects of flow on the condltion of the
laryngeal tissues. Another possible explanation, however,
ls that shnifts occur at the high and low.extremes so that
ascending and descending serles represent slightly different
vibration modes.

Some runs were made wilth open no-flow glottal con-
figurations (as wide as 1 mm.). The rate of change of Fo
with Ps was found to be within a similar range - about 4.5
to 7.5 Hz/cm H50.

Figure 6-5 illustrates the effect of lengthening the
vocal folds (without register change). Fundamental fre-
quency at a fixed value of subglottal pressure Increased.

Variations of fundamental frequency wlth subglottal pressure

were similar 1n the two glottal conditlons.
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It was already noted that the dependence of Fo on Ps
decreased when preparations became desiccated. In this
condition, dependence on length of the vocal folds also
changed. Sometimes, Fo actually decreased or phonation
stopped completely 1f the glottis was lengthened, and Fo
sometimes 1ncreased 1f the glottls was shortened. The 1n-
abllity of these preparations to produce falsetto was

already noted.
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Chapter 7 Results II: Detailled "Measurements

This chapter 1s concerned with measurement of the me-
cnanical vibration patterns and of properties of the vocal
folds at a detalled level. That 1s, it 1s concerned with
movements of the vocal fold surfaces or of iﬂdividual par-
ticles on these surfaces. The chapter 1s organized into
four major sections, each of which conslsts of a presenta-
tion of results followed by analysis and discussion. The
first section 1s concerned with the measurement of steady
state vibrations representative of normal phonatlion, It
contains the most important results in tﬁe tresis. The
second sectlon concerns measuremsents of vibration patterns
during phonatlon which was not steady state since tissue
properties were changing. The third seé%ion concerns vibra-
tion patterns from preparations which were altered by re-
moval of one or both vocalils muscles. Finally, the fourth
section relates measurements of the varving static position
of the vocal folds as subglottal pressure was varied at
levels below those for which phonation was 1nitiated. Such
measurements are useful for determining mechanical proper-
ties of the vocal folds, as will be discussed 1n the fol-

lowing chapter.
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IA  Data from "Normal" Phonating Larynxes

Amplitudes and Directions of Vibration

An inltial set of measurements and observations was made
to establish some general aspects of the vlibration patterns.
These aspects include range of amplitude of vocal-fold
vibration to be expected and the reglon of the vocal fold
surface over which vibration 1s observed.

Figure 7-1 shows the outlline of a vocal fold in frontal
section. The envelope of points of maximum excursion 1s
drawn, based on measurements of the amplitudes of vibration
of the surfaces at five different vertical levels as measur-
ed from the subglottal aspect. Also-indicated are estimated
shapes of the vocal fold at two phases in the vibratory
cycle. During the closed period, Jjust before opening, the
depth of glottal closure is very small (the order of 0.1 mm),
so that the superilor surface of the fold and the undersurface
are at almost the same level. The lowest level at which
closure occurs 1s about 3 mm. lower. At thils level and
lower, particle trajectories have larger horizontal than
vertlcal componehts. For the case shown, the total horizon-
tal excursion for a particlelat the lowest level of closure
1s about 1.2 mm. At a level 2.3 mm. lower, the excursion
amplitude is only 0.3 mm. At 7.5 mm. still lower, there
are very small (less than 0.1 mm.) vibrations that are

probably related to the complex acoustic pressure variations
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FIGURE 7-1

Outline of the frontal section of a vocal fold during
phonation based on measurements from the inferlor aspect.
The envelope of the vibrations (the locus of maximum
excursions) 1s indicated by solid lines. The estimated
shapes at two instants 1n the cycle are indicated by broken
lines where they do not lie along the envelope of the
vibrations. The plottlng symbols reoresent actual measure-
ments. The accompanying text contalns observations recorded
during the experiment. The tick marks aporoximately delimit
the region 1n which measurements shown 1in the rest of this
chapter were taken.

b
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in the pseudotrachea. On the upper surface of the folds,
the movements (not shown in thils figure) are complex near
the midline, where vilbration amplitudes are generally in the
range of 1-3 mm. Vertical components are largest on this
part of the surface. More laterally, vibrations are essen-

tially vertical and amplitudes become smaller. Though

'smaller movements can be detected very far laterally (1 cm.

In the case shown), they become very small (less than 0.1
mﬁ.) beyond about 5 mm. from the midline.

Measurements to be discussed in this chapter were taken
from several larynxes over a range of locations roughly
corresponding to the reglon betyeen the tick marks in
Fig. 7-1.

Particle Trajectories “

Figure 7-2 contains the main experimental results of
the thesls. Its varlous parts show the trajectorles of 11
different particles (measured in 8 different runs on 6 dif-
ferent larynxes), as estimated from measurements at elghth-
cycle increments.¥*¥ These data were collected over a period
of about 1/2 year during which the apparatus, techniques,
procedures, and methods of data interpretatlion were under-

going develooment. Consequently, the set of information

*
Wilth the exceptlion of Part F, these runs are all thought
to represent normal phonation. In part F, open quotient

was smaller than that encountered 1n normal phonation.
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FIGURE 7-2 (A-H)

Measured trajectories of varticles during eight different
runs. The measures particle positicons are indicated by the
plotting symbols. The trajectories are arbitrarilyv drawn by
hand. The midline positions are drawn from estlmates or
approxlimate measurements, as indicated. The Inset on the
right of each figure tabulates additional Information about
each run. The regulated source variable (PS or Us,) 1s listed
first in each case. 6 is the rotation angle of the tabletoo
(see Chabp. 5). liotes and sketches recorded during the
experiment are included in the 1lnset. The sketch on the
upoer left of each inset shows schematically the general
orientation of each particle belng ftracked.
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available in addition to the trajJectories in each case is
generally incomplete. However, the types of information
avallable include subglottal pressure (Ps), airflow rate
(Ug), fundamental frequency (Fo), phase interval of glottal
opening and closure, approximate location of the midline,
and rough sketches of the vocal fold shape in’ﬁhe reglon
of the particle. The informatlon avallable fof each tra-
Jectory 1s indicated within the figure. The observation
angle, 8, was defined in Chapter 5. Even where actual
measurement of the mldline position was not made, or
sketches of the overall shape not recorded, an attempt has
been made to estimate them in the different parts of

Fig. 7-2, in order to provide a better context for the
trajectories. -

Several details qoncerning parts of the figure are
polnted out here. The figures show data from both left and
right vocal folds (as indicated in the plots), but by con-
vention they are plotted in an X-Y coordinate system where
X 1ncreases in the lateral direction for the fold concerned
and Y increases 1n the superilor direction. In almost all
cases, data were collected for only one fold. For most
purposes, bllateral symmetry may be assumed. It should be
noted, however, that the midline i1s not accurately deter-
mined even when its X locatlion 1s measured at one Y level.

The apparatus does not constrain the midline to the Y axls,
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and deviations of 5° or 10° in either direction are pos-
sible. Particles were generally in the anterior and post-
erior middle third of the vibrating portlon of the folds,
so that they were at or near the reglon of maximuﬁ execur-
sion amplitude. Finally, the oscilloscgpe's'trigger point
on the pressure waveform (i.e. phase O) does not occur at
any specific 1dentifiab1e part of the cycle, though 1t 1is
often during the c¢losed perilod.

Inspection of Fig. 7-2 indicates that the trajectorles
are usually not simple. In general, they are well charac-
terized by nelther straight lines nor ellipses, but a useful
characterization may be elliptical with perturbations. For
particles furthest from the midline, such as in Figs. 7-2FE
and H (particles 1 and 3), the trajectories are usually near-
ly elllptical, and sometimes well approximated by straight
lines. Nearer the midline, trajectorlies are usually more
complex, and the main "elliptical" part is usually more cir-
cular. When the particles are on the superior surface, a
perturbation occurs near the supero-medial part, as In Figs.
7-2A and D. Sometimes this may become a secondary loop or
more complicated shape, as 1n Fig. 7-2G (ﬁarticle 1) or
7-2H (particle 2). Secondary loops may also appear for
particles on the subglottal aspect, as in Fig. 7-2G (par-
ticle 2), 1f the particle's level is high enough and it
comes sufflclently near the midline.

In all cases, the particles traverse the main parts
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of thelr trajectories in the clockwise sense (for the co-
ordinate convention we have adopted). That 1s, the lateral-
going parts are superlor to the medial-going parts. For
partlcles on the inferior aspect (as indicated in Figs.

7-2G and H) motion 1s generally superior and.lateral during
the closed period and inferior and medial during the open
period. Figures 7-2A, B, C, D, G, and H show that par-
tlcles on the superior surface not too far from the midline
1ﬁclude the closed period in at least part of the superior-
medlal-going part of the trajectory. The perturbation,

when present, occurs at the end of the closed period, and
the trajectory 1s subsequently lateral- and inferior-going
during the open period. For more than half of these par-
ticles (viz., those in.parts A, D, G, and\H), it can be
determined elther from the sketches, the notes, or the re-
cord of observation aﬁgles in Table 7-1, that the particle
appears to be on a medlal-facing surface during at least
part of the open period though it is clearly on the superior
surface for much of the cycle.

In Figs. 7-2G and H, "simultaneous" trajectorles are
shown for 2 and 3 particles, respectively. That 1s, for
both cases, data were collected during a period in which the
phonatory state of the preparation was approximately con-
stant.

In Fig. 7-2G, as described above, particle 2 (on the
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undersurface of the fold) moves upwards and laterally during
the closed period while particle 1 .(on the superior surface)
moves upwards and medially. Both trajJectories exhiblt per-
turpations at thelr medial extremes. There appears to be
a phase lag of about 3 eighth-cycle increments from parts of
the trajJectory for particle 2 to corresponding parts for
particle 1.

In Flg. 7-2H, the trajJectory of particle 2 actually
touches the midline. At its lateral extreme (phase U4),
particle 2 1s lateral tc particle 3, which 1s approaching
1ts medial extreme. This illustrates that the total hori-
zontal excursion of a particle 1s often greater than the

maximum half-width of the glottls 1tself, due to vertical

-l

phase differences.
Particles 1 and 3 in Fig. 7-2H both have very flat tra-
Jectories, the former primarily vertical and the latter
primarily horizontal. Consldering displacement as positive
directed outward from the vocal fold surface, the trajec-
tory of particle 1 lags behind that of particle 3 by about
5 phase increments., On the other hand, 1f supero-lateral
displacements are consldered positive for both, the forms
of the trajectories become strikingly simllar, and the ap-
parent phase lag 1s only 1 phase increment.
Consldering the trajectory of particle 2 and the ac-

companying information in the inset of Fig. 7-2H, 1t 1s
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noted that the particle moves from the superior gurface of
the folds to the undersurface (at phase 2) during the closed
period. During the fifst part of the open period, it is
clearly on the glottal wall rather than the superior surface
of the fold. Comparing the trajectory of pafticle 1l

(which 1is clearly on the superior surface), 1t can be noted
that the traJectories intersect. The particles are at

about the same horizontal level near phase 6 (the latter
part of the open period). At phase 4, during the open
period, they are nearly alligned vertically. A straight
line drawn from particle 2 to particle 1 rotates counter-
clockwlse from approximately phase 7 to phase 4 (the closed
period and part of the open period) and then clockwise back
to phase 7 (the rest of the open period)<

Trajectories of Nearby Particles

Fig. 7-3 shows the positions of 2 vartlicles on a supra-
glottal surface durlng part of a glottal cycle including the
last part of the closed period and the early part of the
open perlod. The particles are close enough that a stralght
line between them can be assumed to represent the local
orientation of the vocal-fold surface. From a horizontal
orientation at phase 7, the line rotates counterclockwise
to nearly a vertical orlentation at phase 3. TFor the rest
of the cycle, the particles are not visible without rotating

the optical axls, so presumably the surface is medial-faclng.
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FIGURE 7-3
Measured frontal-plane positions of two supraglottal

particles during part of a glottal cycle. The format of
this filgure is similar to that of Fig. T-2.

o
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Supraglottal Wave

During phonation, a displacement wave can be qulte
clearly seen propagating in the lateral direction on the
superior surface of the vocal fold. The crest of thils wave
appears to build up near the midline during closure and it
contlinues to propagate during the open period. From in-
formal measurements, the propagation velocity of the wave
over the muscular part of the supraglottal surface was de-
termined to be 0.3 to 0.5 m/sec.

Fig. 7-4 shows measurements in the frontal plane of
the position of the estimated wave peak at elghth-cycle in-
¢crements for a single run. Within the half cycle from
phase 3 to phase 7, where the measurement 1s over the mus-
cular part of the fold, the apparent velgpity is 0.5 m/sec.
The lines drawn through the data points at phase in¢rements
0, 1, and 2 indicate successive shapes of the vocal fold
durling the closed period. The extra rapid movement from
‘phase 2 to phase 3 1s probably related to glottal openilng,
which occurs durldng this perliod. Thils figure 1llustrates
that bulldup of the wave seems assoclated with the closed
period, whlle lateral propagation over the muscular part of
the folds begins during the open period.

Glottal Closure

Closure, though not a necessary part of phonation in
general, accounts for a significant part of the normal

phonatory cycle. It should be borne in mind, however, that
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it is a variable phenomenon - occurring to varylng degrees
and possibly in different manners. Thus, results of measure-
ments én one larynx or in one run méy not apply to other
larynxes or other runs.

Several results have already been noted: Figs. 7-2G
and H indicate that closure is.a wavellke phenomenon, at
least in the sense that particles just below the reglon of
closure move laterally while those Just above 1t or lateral
to 1t move toward midline. Filg. 7-2H seems to 1ndicate that
the region of closure can propagate past a particle, so that
the particle is above closure at one phase increment but
below 1t at the succeeding increment. Also, it was noted
at the beginning of this chapter that the depth of closure
may be infinitesimally small just before‘ghe glottis opens.

Qualitative observations from the subglottal aspect
indicate that the vocal folds often form an acute angle 1n
the frontal plane at the 1nitiation of closure, as sketched
in Flg. 7-5A. However, near the end of the closed period,
the undersurface 1is often more dome-shaped, as sketched in
Fig. 7-5B.

Some observations are also in order concerning the im-
portance of surface tenslon between the two folds during
closure. In several experiments, attempts were made to vary
the surface properties using soap solution and.photographic

wetting agents. It was not possible to do systematic
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FIGURE 7-5

Schematle drawinge showing the shape of the subglottal
surface of Bhe folds durine the closed period.
(A) Bepginning of the closed verilod.
(B) End of the closed period.
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experiments of this type, but in informal experiments, no
gross effect on phonation was noted. Some minor effects of
surface tension in static situations were observed, however.
With the larynx in a completely adducted state and with no
subglottal pressure applied, heating of the subglottal tract
(see Chap. 5) caused a bulldup of subglottal pressure to
abocut 1 or 2 cm. Hgo. At about that pressure, surface
tension was overcome, the glottis opened momentarily to re-
léase the pressure, and then the cycle was repeated. Thus,
relaxation oscillatlions were produced as a result of sur-
face tension. Under some other conditions with the glottis
nearly closed, surface effects caused it to close complete-
ly, starting from the ends.

Figure 7-6 shows measurements of the- vertical position
of the top and bottom of closure as a function of phase
during the closed periﬁds of a phonatory cycle. The depth
of closure is large (over 3 mm.) near the beginning of the
closed interval. The locus of the bottom of closure moves
upward contlnuously durling the half eycle that the glottis
1s closed. During one elighth-cycle interval (1.5 msec.),
i1t moves ﬁp almost 3 mm. The locus of the upper edge of
closure also moves up contlnuously but at a slower rate.

At the last measurement phase within the closed period, the
depth of closure 1s about 0.1 mm,

Flg. 7-7 shows the position of the upper end of
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FIGURE 7-6

Vertical location of closure durilng three nhase
increments of a closed veriod. The plotting symbols represent
the measured superior and inferior vertical boundaries of
the region of contact between the folds. The line connecting
them represents the vertical extent of this contact.
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FIGURE T7-7

Trajectory through a half cycle of a supraglottal
particle and corresponding locus of the supnerlior edre of the
region of closure. At phase U the particle is at the unper
border of closure. Rest positions (with P =0) of both the
particle and the reglon of closure are shown. The static
position of the particle (with Pg=2 cm. H5C) is also indi-
cated. At this pressure the glottis was open.
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closure and.of a particle on the supraglottal surface during
the closed period (for a larynx different from. that in
Fig. 7-6). (The glottis is actually beginning to open at
phase 4. At the phase increments preceding and following
the interval shown, the particle is not visiﬁle from an
optical axls parallel to the Y axis.) The particle and
upper edge of closure both move upwards and the particle
also moves medially during the closed period. At phase U,
tge particle 1s essentially at the midline, and 1t moves
relatively inferior to the edge as the glottis opens. At
first the locus bf-closufe-moves up faster than the par-
ticle, but as they become closer, they move at the same
rate.

In Fig. 7-7, the initlal rest positton (with zero sub-
glottal pressure) of both the top of closure and the par-
ticle are indicated. For the closure, thils position is
slightly above the lowest level durlng phonation. For the
particle, the rest position 1s vertically below 1ts lowest
position during phonation. For the particle, the rest po-
sition 1s vertically below its lowest position during the
closed period and horilzontally in the mlddle of the range
it sweeps during the closed period. When the pressure 1is
inoreased to 2 cm. HZO’ the static position of the glottis
is open, and the particle moves up and out, as shown.

As the subglottal pressure 1s increased to 3 cm. H20 and
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beyond, phonation is initiated, but presumably the associat-

ed "static operating point" moves inslde the trajectory.

Subglottal Pressure Waveform

In much of the work reported here, the subglottal pres-
sure waveform was obtained from the Sanborn Physiological
Pressure Transducer coupled to the pseudo-trachea wlth a
16 ga. hypodermic needle. This system had a poor frequency
response. However, a few runs were made with the minlature
electret condenser mlicrophone (Thermoelectron 5336 CX)
mounted in the wall of the pseudotrachea (see Chap. 5). In
both cases, the location of the transducers was on the
lateral wall of the pseudotrachea about 10 c¢m. from the
glottls. At thils dilstance, differences are expected be-
tween the measured waveform and the actyal waveform Just
below the glottls, but only for spectral components in the

range of 850 Hz (the 1/4 wavelength frequency corresponding

-to 10 cm.) and above.

The subglottal pressure waveform exhiblted ringlng be-
havior with both transducers, demonstrating a large spectral
component around 300-400 Hz, apparently corresponding to a
resonance frequency of the subglottal tract (see Chap. 5).
Neo real effort was made either to change the length or the
degree of dampling In the subglottal tract, or to use gases
other than alr, so the dependence of thils phenomenon on the

details of the subglottal tract was not examined.
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Fig. 7-8 shows a sketch of a typilcal waveform obtained
from the microphone. Though the forms of the waveform from
the microphone and the Sanborn transducer were similar,
there were systematic differences when relating the trans-
ducer outputs to the glottal area waveform. For both, the
broad relative minimum preceding the major peak in the wave-
form corrésponded closely to the maximum in the glottal area
waveform. Thils seemed to be the most stable correlate. The
maximum of the first (large) peaks leads to the onset of
closure (or mininmum glottal area) by as much as 0.1 or 0.2
cycles for the electret microphone, or lags closure some-
what for the Sanborn transducer. Release of glottal clo-
sures (when 1t occurs) does not always correspond to a spe-
¢ific aspect of the pressure waveform. =

Peak-to-peak subglottal pressure amplitudes as measured
with the microphone were at least as much as 5 cm. H20 (or
359 of the average subglottal pressure) in one case and
possibly as much as 100% of the average pressure (8 cm. H2O)
in another case. The exact maximum value 1s unclear be—\
cause of a loss of microphone sensitivity (over a period of

days), the time course of which was not followed.

1B Analysis and Discusslon

General Issues in the Interpretation of Results

In interpreting the results of these experiments, 1t

is useful to bear in mind the often-repeated warning from



Schematlc sketch of a typlcal waveform from the
subglottal electret microphone.
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van den Berg and Tan (1959) that '"each larynx sang after its
own fashion". Not only were there striking inter-larynx
differénces (as evidenced in the tréjectories and quallta-
tive sketches in Fig. 7-2), but also there were Intra-larynx
differences for different runs or different conditions. In
examining these data to uncover the important aspects of
the phonatory process, 1t should be remembered that there
may be different mechanisms of phonatlon or that different
aspects may predominate under different conditions. In
FPig. 7-2, for example, there are striking differences be-
tween the sketches in the insets for parts C, D, and G.
Another example 1s that although Fig. 7-3 indicates counter-
clockwise rotation of the supraglottal surface during the
closed period and early open period (andaﬁhis was qualita-
tively observed to occur in many runs), the sketches in parts
C and G of Filg. 7-2 and the data in Fig. 7-7 seem to indi-
cate a different type of behavlor.

It 1s 1mportant to conslder the relatlonshlp between
the particle trajectories and the vibrations of the vocal
fold tissues. The poslition of a particle always indicates
the positlon of the vocal fold surface, of course._ However,
we must conslder whether a particle adheres tightly to the
surface tissue layer or whether it slides across it during
the cycle. (The particles have, after all, mass subjeéct %o
inertial effects and surface area exposed to aerodynamic

forces.) Furthermore, if a particle adheres to the surface
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layer, we must still consider the relationship between the
surfaqe tissues and the underlying structures such as the
vocal ligament (see,for example, Hifano, 1974). (In analogy,
the skin on many body surfaces, such as anterior to the
larynx, and the mucosa.inside the mouth seem quite mobile
over their underlying structures.) 1In examining these
1ssues, 1t was noted that there were some cases where there
was a thick layer of mucous or soft mucosa (especially in
old preparations). In these cases, some particles slid
along the outer surface whlle others seemed closely asso-
clated with the underlying tissues. Thus, 1t 1s 1in fact
possible that there are systematle particle movements with
respecf to the underlying tilssue during the cycle, but 1t
1s felt that 1n most cases these would have been detected
durlng the measurement procedure. Although the maln reason
for using the particlés 1s the lack of good landmarks on
the tlssues themselves to serve as reference points for
measurementé, 1t 1s felt that there were usually sufficient
landmarks on the preparations for these experiments to de-
tect particle movements with respect to them. Whether or
not the ligament or other structures can move 1ndepen-
dently from the surface tlssue 1s a matter for further
discussion and research.

Interpretation of Vibrations as Surface Waves

On observation, vibrations of the (subglottal
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and supraglottal) reglons well off the midline appear like

surface waves propagating up the glqttal'walls on the lower
part and laterally on the supraglottal surface. The measur-
ed trajectorles of particles well off the mldline such as in
parts E and F and particle 1 and 3 of part H of Fig. 7-2
seem consistent with thils interpretation. 1In shape, they
are roughly elllptical, and they traverse thls shape 1n the
clockwise direction (for the coordinate system used, in
which the lateral direction is to the right). (It may be
noted that simllar trajJectories apply to particles on the
surface of water with long\wavelength waves propagating in
the same direction). Particle velocities around the tra-
Jectorles are not uniform. For example, in part E of Fig.
7-2, velocltles are smaller in the lateral part. of the
trajectory than 1n the medial part, and in part F they are
smaller In the superior part than the inferior part. In
terms of presumed surface waves, these results would indi-
cate a broad trough and sharp peak on the lower part of

the fold in part E, and a broad peak and sharp trough on
the supraglottal surface 1n part F. For particle 3 in

part H of Flg. 7-2, veloclty 1s roughly symmetric around
both axes of the ellipse, as would occur for a more sym-
metric surface wave. These observations about the forms

of the presumed surface waves are consistent with the

relative durations of the closed perlods in parts F and H
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of the figure.

To 1nterpret tlssue vibrations as surface waves becomes
more difficult nearer the midline, due to the occurrence of
glottal closure and to the fact that the fold has an edge.
Partlcles in these reglons, 1t was noted, have generally
more complex trajectories, which can be separated into a
roughly elliptical part and a pérturbation. For supraglot-
tal particles, the perturbation seems to Just precede or
coincide with opening. When the perturﬁation occurs, velo-
clties are relatively small during the perturbation and
relatively large following i1t. One may wonder, on the
basis of this evlidence, whether the perturbation 1s asso-
clated with surface tenslon or some othér phenomenon causing
energy storage durlng cleosure. In the cgfe of at least one
subglottal particle (particle 2 in part G of Fig. 7-2) a
perturbation Jjust precedes closure. In this case, 1t cannot
be due to surface tension, since thls force requires contact
between the two sldes.

The notes and sketches assoclated with Filg. 7-2 suggest
that the perturbations are ofﬁen assoclated with the passage
of a ”cofner”_or ripple (i.e. a displacement wave) past the
particles. In part D, for example, the sketch shows a
corner medial to the pvarticle at phase 1, slightly lateral

to 1t at phase 2 (the tip of the perturbation), and further

lateral at phase 3. In part G a peak bullds up medial to
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to particle 1 between phases 2 and 3 and moves past 1t dur-
ing phases 4 and 5. Particle 2 is apparently superior to a
ripple‘at phase 3, slnce 1t 1s obscﬁred from the subglottal
aspect. As the notes in the inset of the flgure indicate,
the ripple apparently moves closer to the particle at phase Y
and 1s very near the particle at phase 5. At phase 6, the
ripple has apparently moved past the particle,; since 1t 1is
visible from below. (This does not seem to agree well with
thHe fact that the perturbation 1s centered between phases 6
and 7. It could be noted that the closure occurs between
phases 6 and 7, at a level somewhat superior to the particle.
Possibly, then, the perturvation 1s more directly related

to closure itself than to wave phenomenon.)

Glottal closure shows apparent wave%}ke propertlies.

The reglon of closure progresses upward so that tissues
below closure move away whille tilssues above move toward mid-
line, as sketched in Flg. 7-9. Individual particles near
the midline also move up durlng closure, but closure 1tself
moves up faster. As shown dramatically with particle 2 in
part H of Filg. 7-2, closure can move past a particle.

We have not established whether vibration patterns can
be accurately described simply as a surface wave phenomenon.,
However, assuming such a description, we can estimate ap-
parent wave velocity on the medial surface from the two
sets of simultaneous trajectories in parts G and H of

Fig. 7-2. 1In part G, there appears to be a 3/8 cycle
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FIGURE 7-9

Sketch showing the mechanism by which the locus of
closure moves upward. The solid line represents the frontal
sectlon at one instant during the closed pericd. The
broken line represents the frontal section at a subsequent
instant. The arrows i1ndicate that tissues telow closure
move laterally and superlorly, while tissues above closure
move medlally and superiorly.
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(2.7 msec) delay between corresponding parts of the tra-
Jectories from particle 2 to particle 1. The distance be-
tween particle 2 at phase 6 and parﬁicle 1 at phase 1 (for
both cases, the particle 1s presumably near the wave crest)
1s about 2.7 mm. (This 1s straight line distance, as oppos-
ed to distance along the surface, but the differences should
be small at these phases.) The propagation velocity is
thus on the order of 1.0 m/sec. Similarly, for the tra-
Jectorles in part H, there 1s an apparent phase lag of 1/2
cycle ( 5 msec.) from particle 3 to particle 2, and another
1/8 cycle (1.3 msec.) from particle 2 to particle 1. The
separation of these particles with the appropriate delays
is approximately 5.0 mm. and 1.5.mm. respectively, measured
with particle 2 around phases 0, 1 or 2 {when 1t 1s near
the corner of the fold). Thus, agailn the derived propaga-
tion velocities are on the order of 1.0 m/sec. Thils value
may be compared with the value of 1.6 m/sec. reported by
von Gierke et al. (1952) on human skin on such places as the
thigh or forearm. As discussed earlier, however, wave ve-
locity on the more lateral parts of the superior surface
drops to 0.3 to 0.5 m/sec., perhaps because the membranes
are more slack or because the effective thickness 1s greater.
In part H of Fig. 7-2, the phase lag from particle 3
to particle 1 has already been described as 5/8 cycle using

the surface-wave description (1.e. with the positive di-



rection of displacement directed outward from the fold),
or 1/8 cycle if the sense of one of~them is reversed. That
i1s, 1f displacements of particle 3 into the fold are com-
pared to the displacements of particle 1 out of the fold,
then 1ts two trajectories are only 1/8 cycle out of phase
(vhich is almost in phase). Thils observation leads to spe-
culation that movements on the superlor surface of the folds
should be considered as displacement of mass from the lower
medial surface to the upper surface, as Ilndicated by the
arrows in the sketch in Fig. 7-10. In other words, perhaps
the relationship between-these generally elliptical tra-
Jectories 1s due to displacement of the mass of the body
of the vocal folds rather than to propagatlion of a surface
phenomenon. .
The notes and sketches assoclated with parts A, D, and G
of Flg. 7-2 1llustrate a feature of the vibratlon patterns
for some supraglottal particles. Though a particle may be
clearly on the supraglottal surface for most of the cycle,
1t may appear to be on the medial-facing glottal wall during
part of the open perlod (generally the most lateral part of
1ts trajectory). More generally, its position relative to
the "corner" changes systematically through the cycle.
This phenomenon may correspond to the passage of a surface
wave - the apparent locatlon of the corner depending on the

location of the wave peak. . However, there are other pos-
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FIGURE 7-10

Sketch 1llustrating possible displacement of mass from
the lower medlal surface to the upper lateral surface of the
vocal folds durlng the closed period. The solid line
represents the frontal section of the folds at one instant
during the closed period. The broken line renresents the
frontal section at a subsequent 1lnstant.
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sible explanations; for example, the surface tissues may
be sliding across the underlying tissues.

In partial summary then, the trajectory measurements
and some other observations seem explainable as a surface
wave phenomenon. However, the evidence is not at all con-
clusive, and other explanations are possible.

Sketching and Analysis of Vocal-Fold Silhouettes in the

Frontal Plane

The information contained in part H of Flg. 7-2, along
wlth other qualitative information about phonation in gene-
ral, was found to be sufficlient to estimate the instanta-

neous shape of the vocal folds in frontal section. For

each of the elght phase increments represented in the flgure,

a llne was drawn through the three data points to represent
the silhouette 1n the frontal section. ;%e resulting
sketches are shown in Fig. 7-11. "~ (Although measurements
were made on only one slde, the other side has been drawn
in mirror image for display purposes only.)

The shapes shown in Filg. 7-11 were drawn with the fol-
lowing criteria: 1. They pass through the three polnts
established by particle measurements, 2. They are con-
sistent with the accompanying observations recorded during
the run and also with the measurement angles used (i.e.
there 1s indeed a line of sight to the particle position

along the prescribed axls), 3. They are consistent with

the other notions already established such as an apparent
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FIGURE 7-11

Fstimates of the shapes of the vocal fold based on the
data in Flg. 7-2H. The three data polnts from each phase
increment in Fig. 7-2H are renresented by three asterisks in
each part of thils figure. A line representing the surface
of the vocal fold at each instant has been drawn through them
(see text). The shape to the left of the midline is a
reflectlon of the shape to the right. The diglts 1n each vart
of the figure indicate the phase 1ncrement as numbered in
Flg. 7-2H. The corners in the upper left of each vnart of the
figure represent 1 mm. scales in the vertical and horizontal
directions. : '
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surface wave with propagation velocities of 1 m/§ec. on the
medial surface and 0.3 to 0.5 m/sec. on the superior surface,
and an appropriate locus of the boundaries of closure as a
function of phase. Also, they agree qualitatlively with
sketches recorded during other runs, 4. Finaily, after
initial sketches were made, they were adjusted to produce
smooth movements when shown in animation on a computer CRT
output.

Bearing in mind that the sketches are only estlimates,
and then are based on only one episode of phonation, it is
still useful to dlscuss vibration patterns usling the
sketches as a reference and to make further measurements
on the sketches thenselves.

Fig. 7-12 shows a replot of the 1indlyldual sketches
with the trajectorles superimposed, and also shows a com-
posite plot of all thé sketches. In these plots, the wave-
like nature of the vibrations is apparent. (It is even
more apparent when the sketches are animated.) Particles 1
and 3, at least, appear to be on wave peaks during tﬁe
outermost parts of thelr trajJectorles and in troughs during
the innermost parts. For particle 2, it is difficult to
demonstrate such a slmple interpretation. In the composite
plot, a successlon of wave peaks and troughs in the superior
surface is evident. These appear to propagate through the

successive phase increments with an average velocity of
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Replot of Fig. 7-11 with the particle trajectories
superimposed. The topn part of the figure shows a
superposition of the right parts below.
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0.3 to 0.4 m/sec. Apparent wave propagation witb an average
veloclty of about 1.0 m/sec. éan also be discerned on the
ﬁedial surface. The composite plot éonfirms that the tra-
Jectories of particles 1 and 3 are orlented perpendicular to
thelr assoclated surfaces.

Flg. 7-13 shows a plot of the locus of the borders of
glottal closure during the closed period. The lower border
moves upward continuously. The upper border moves up at a
slower average rate. It may be noted in Fig. 7-11 or Fig.
7-12 that the subglottal aspect forms a much more acute
angle at the midline at phase 7 than at phase 2. At the
latter increment, 1t is more dome shaped.

Useful measurements can be made from the sketches that
cannot be made on the preparation 1tself.. Among these
measurements are length along the surface of the frontal
sectlon and area of the frontal section 1tself. Measurements
at the eight phase increments of the surface distance between
particles 1 and 2 and particles 2 and 3 and of the vocal-
fold area enclosed by the sketches are shown in Fig. 7-14.

The measurements of surface length between the par-
ticles indicate that the surface tissues are stretched sig-
nificantly during the cycle, if the sketches are accurate
and the particles are well attached to the tilssues. For
particles 3-2, the variation of distance is about 30% of

its averapge value., For particles 2-1, it 1s over 507 of
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FIGURE 7-13

location of closure measured from the sketches

(cf. Fig. 7-6.)
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FIGURE T7-14

Measurements from the sketches 1in Fig. 7-11. The tov
part contains plots of the lengths represented by the line
segments joilning the indicated narticles., The lower pnart
i1s a plot of the area represented by the closed figure on

each slde of the midline.
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average. In both cases, the waveform is near a maxlimum when
the glottis opens and near a minimum when the glottls closes.
It 1s interesting to note that - to the extent that stiff-
ness of the surface tissues 1s significant - energy 1s
stored when the tissues are stretched. Thus, mechanical
energy 1s stored during the closed period and released dur-
ing the open perlod.

The area waveform shows area changes of about 207
(3 mm.2) during the cycle. The area is minlmum when the
glottls opens and near a maximum when the glottls closes.
Thus, at opening, the area 1s roughly minimum but 1s en-
closed by a surface with maximum periphery. At closure, the
area 1s maximum but the length of the surface 1s approxi-
mately minimum. -

To the first order, at least, laryngeal tissues are
incompressible. Much of the composition of the vocal folds
can be thought of as fibers or membranes filxed at their
anterior and posterior ends. When these fibers or membranes
are deflected in the frontal plane, theilr length increases.
Assumling 1ncompressibility, the instantaneous cross section
should vary in inverse proportion to length. However,
variations in length durlng a cycle are almost certainly less
than 207, especially when averaged across the different
parts of the frontal sectlon. For example, assuming an

undlsplaced length of 12 mm. and a maximum deflection of

2 mm., the total change 1In length of an ideal string 1s less
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than 117 for all the different patterns of displacement
sketched 1n Flg. 7-15. Thus, change in length does not seem
sufficlent to account for change in cross sectional area as
represented 1n the sketches. This implies thét (1), the
sketches overestimate the area change due fo érea changes
ouﬁsidé the region represented, (2), the approximation of
tissue incompressibility 1s not accurate, or (3), the
sketches are grossly inaccurate. Of these possibillities,
the first and third are most likely.

The sketches 1n Figs. 7-11 and 7-12 show that the
frontal-pvlane area of the airway below closure increases and
the area of the airway abové closure decreases during the
closed period. Thus, there is not effective ailrflow durilng
the closed perliod. However, subglottal and supraglottal
flow are not equal. Due to the Increase 1n vocal-fold area,
as indicated in Fig. 7—1&, the effective subglottal flow
toward the glottls 1s greater than the effective supraglot-
tal flowvfrom the glcttis. The average rates of subglottal
and supraglottal flow, assumlng the measured area displace-
ment distributed over an effectlive length of 1.25 cm. for
the three 1intervals within the closed perlods are plotted
in Fig. 7-16. (It 1s interesting to note that many of the
volume-velocity waveforms derived by Rothenberg (1973)
show a small airflow rate of similar magnitude during the

closed perilod - although they have a negatlve slope,



207

FIGURE 7-15

Increase in Length ( L) for different patterns of
displacement of an elastlc string with fixed ends. The
rest length (L) is assumed to be 12 mm.
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FIGURE 7-16

Equivalent flow rate due to displacement of tissues
during the closed period. The calculations are based on the
area (in the frontal plane) of the supraglottal airway and
of the subglottal alrway during the closed veriod. An
effective glottal length of 1.25 cm. was assuned.
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unlike the supraglottal flow calculation in Fig. 7-16.).

While the changing vocal fold area reduces the effect-
ive supraglottal flow during the closed period, 1t should
contribute to the supraglottal flow in the middle of the
open period. Such an effect, as well as dynamic airflow ef-
fects, may contribute to the commonly observed phenomenon
that the flow waveform is largely assymetric while the
glottal area waveform 1s nearly syvmmetric. The additional
flow component due to the displacement by the vocal folds
may be large enough to prolong the rising phase of the glot-
tal flow waveform. However, the magnitude of the effectlve
flow component 1s probably too small to be significant.

In the cumulative plot shown in Fig. 7-12, the "corner"
of the vocal fold looks like an essentially fixed shape
that translates around a roughly circular trajectory and
tilts. .In Fig. 7-17, the sketches have been replotted with
such a shape fit to the corner. The shape rotates counter-
clockwlse during the closed period while translating upward.
During the open period, 1t springs back in the clockwise
directlon whille translating inferiorly.

We may speculate whether the shape shown in Filg. 7-17
represents the cross sectlon of the voeal ligament. (There
is some doubt, of course, whether the ligament could be so
well identified separately from the elastic membrane and,

if so, whether 1ts shape would remain so undistorted
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Composlte nlot of the slketches in Flp. 7-11 with a
fixed shape fit to the "corner" in each sketch.
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throughout the cycle.) If the shape actually represents
such an identifiable structure, then the two components of
movement described above correspond to rotation of the center
of mass (string vibrations) and rotation of the mass around
an iInterlor axis. It may be noted that these are essential-
ly the two degrees of freedom of the two-mass model, except
of course that vibration of the center of mass are repre-
sented 1n only one dimension for the model (see Dudgeon,
1969). The aerodynamlc and mechanical forces producing this
type of movement can thus be partly understood from modei—
ling efforts involving the é-mass model (see Chap. 4), al-
though the tissues below thils sectlon are also clearly in-
volved and must be considered. According to this concept,
the vibration patterns consist of stringevibrations of the
ligament and propagating surface waves on the conus elasti-
cus. This concept 1s appealing for the purpose of modelling,
since there 1s sufficlent complexity to account for inter-
larynx and intra-larynx variability.

Referring back to Fig. 7-17, 1t may be noted that, in
order to accept thils description, we must accept that par-
ticles 1 and 2 slide across the surface tissue or that the
surface tissues slide over the ligament. The particles
move'in a clockwise direction with respect to the shape
from the last half of the open period to the first half of

the closed period, and in the other direction for the other

half cycle.
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As the sketches indicate, a "sulcus vocalis" as des-
crived by Smith (1954) (i.e. a concave depression on the
medial wall of the vocal fold) seems to be a normal part of
the vibration patterns encountered during these experiments.
Such a shape may be noted during phase increments 3-5 in the
sketches. It results from a vibratory phase difference
between the upper and lower parts of the fold. (To the
extent that this'phenomenon is important, 1t points out the
inadequacy of a two-section model of the vocal folds.)
Another example of a sulcus can be noted 1n a qualitatilve
sketches associated with part D of Fig. 7-2.
Conclusion

In describing vocal fold vibratlons in thils discussion,
we have hypothesized some posslble mechafilsms (viz. surface
vibrations of the elastic tissues; possibly string vibra-
tions of the vocal ligament.) However, the only information
avallable 1in addition to a description of the outside shape
of the vocal folds as a function of time 1s average flow
rate and subglottal pressure, and some rough measurements
of the subglottal pressure waveform. !More data on the vocal
folds themselves and on the aerodynamics of the glottis 1s
needed before anything more certaln can be learned about
phonatory mechanisms.

The results of our measurements of dynamic subglottal

pressure (i.e. intracycle pressure varlations) indicate that,



for these experliments, intracycle subglottal pressure varia-
tions are not so insignificant as has been assumed by many
modellers. In this respect, we agree both with the preli-
minary measurements of Hiki et al. (1970) and with the
theoretical implications of measurements of subglottal tract
impedance (Fant et al., 1972) for human talkers (see
Chap. 3). Thus, vertical forces on the vocal folds may have
to be considered. Certainly, other aerodynamlc measurements
su;h as Instantaneous volume velocity, or instantaneous
vertical distributlion of pressure would add greatly to the

usefulness of the data obtained in these experiments.

2A., lMeasurements During Changes 1

Tissue Properties

During many experimental runs, there was a gradual
change of state of the preparation during~the measurements,
so that successive measurements at a given phase increment
gave different results. Figure 7-18 shows sets of such
measurements (for 5 particles on 4 different larynxes). To
make these measurements, the time base of the oscilloscope
was adjusted, if the fundamental frequency changed, so that
a glottal cycle always corresponded to 8 em. horizontal de- -
flection. Measurements were made cyclically at each of the
elght phase increments in order. The duration of this
measurement procedure was typilcally 15 minutes per cycle.
Of course, the form of the subglottal pressure waveform

changed (as well as Fo, in general), and with uncertainty
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FIGURE 7-18 (A-E)

Measured particle trajectories during runs with changling
tissue properties. Measurements were made over more than one
measurement cycle. Part B also shows the measured static
position of a rnarticle after the vibrations stooved. The
format of the figure is the same as that for Fig. 7-2.
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about the trigger point on the waveform, there 1s certainly
no guarantee that equal-numbered phase increments on suc-
cessive measurement cycles refer to corresponding nvarts of
the mechanical vibration cycle.

The change of state giving rise to the changes shown in
Flg. 7-18 was mostly attributed to desiccation of the la-
ryngeal tlssues due to insufficilent warmth or humildity in
the supplled or amblent alr. The mechanical effect of
tissue desiccation was an increase of the stiffness of the
tissues and presumably a loss of mass. As the tissues dried
out, thelr surface properties presumably changed. As one
might expect from these factors, fundamental frequency often
Increased somewhat during the drylng process. However,
sometimes 1t decreased, wilth an accompanyling loss of sub-
glottal pressure (i1f subglottal pregsure regulation was not
very good) since the average aerodynamic resistance of the
glottis decreased. The most consistent correlates (per-
ceptually, and in the subglottal pressure waveform) of the
drying, process was that the sound became weaker and the
waveform less sharp as glottal closure became shorter and
less abrupt. In some cases, the vibrations ceased com-
pletely and could not be re-initilated.

The first three parts of Fig. 7-18 show the trajectories
of particles on the superior surface of thelr vocal folds.

The main effect of desiccation in these cases seems to be a
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reduction of the vertical component of the vibra@;ons, with
most of the loss on the superior side. Horizontal compo-
nents were also reduced somewhat, but less dramatically
than the vertical components. In parts A and B, where flow
rate was regulated, the average subglottal pressure dropped
by about 2 cm. HQO during the course of the run. Wlth the
pressure-regulated source, pressure still dropped somewhat
and flow rate increased during the run. ‘

In part A of Fig. 7-18, the "perturbation" apparent in
the earlier measurements seems to have dlsappeared by the
third measurement cycle, so that the trajectory becomes
quite smooth. In part B, the perturbatlion remalins in the
second cycle. A remaining perturbation is more evident in
part C,where 1t forms a loop. o

In part B of Filg. 7-18, the end of the run occurred
when the vibrations stopped spontaneously. The particle's
posltlon was then measured, and 1t was measured once more
when the subglottal source was turned off. The two measure-
ments are indicated in the plot. 1In terms of models, the
static position with airflow may be consldered as the
operating polnt, which has become stable due to changing
tissue properties. It lles inslde the trajectory during
vibrations. The no-flow position 1s alongside the lower
part of the trajectory on the trajectory on the medial side;

Parts D and E of Fig. 7-18 show trajectories of
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onation - a fact that 1is not
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varying degrees. In this section, the perturbation dilsap-
ﬁeared during phonation in one case (part A of Fig. 7-18)
and persisted quite markedly until phonation ceased in an-
other (part C). Thus, it appears that the perturbation it-
self does not I1ndicate a process necessary for the mainte-
nance of phonation.

The measurement of final static position in part B of
Fig. 7-18 suggests that a trajectory may be interpreted as
sﬁowing rotation of indivlidual tissue elements around an
operating polnt located within the trajectory.

In the experiments for which phonation ceases spon-
taneously, it does so suddenly rather than gradually dying
away (although as mentioned, the effect 1s preceded by a
change in voilce quality). According to at least one in-
formal observation, apparent surface waves can be observed
from the subglottal aépect even when the tissues are quilte
dried out prilor to the loss of phonatlon. This observation
1s conslstent wlth the notlion that the subglottal vibratory
actlvity 1s a necessary pnart of the phonation process.
Again according to Informal observations, the gradual
change 1In volce quality may be correlated with a decrease
in the horizontal amplitude of vibration at the lower sub-
glottal levels. However, the examples in parts D and I of
Fig. 7-18, which are at a relatively high subglottal level,

do not exhilbit this phenomenon.
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3A. Data from Larynxes with Vocalis Muscles LExcised

In one serles of experiments, the effect on phonation
of removing the vocalis muscle was investigated. The enti:
thyroarytenoid muscle was removed on one or both sides,
léaving only the vocal ligament and conuﬁ_elasticus and
thelr sufface tissues for phonatory vibratlons. The sketch
in Fig. 7-19 indicates roughly the part of the frontal
section that was removed. The thickness of the remaining
tissues was typically 1 to 1.5 mm.

The apparent effects of excising the muscle were sur-
prisingly small. When the rmuscle on only one side was
dissected, the subglottal aspect on that side demonstrated
larger vibration amplitudes than the "normal"” side, but
basically the same patterns. Lven the supraglottal aspect
looked surprisingly similar, though the superior surface
of the fold (the ventricular floor) was larpely removed.
Fundamental frequencles of phonatlion were not grossly af-
fected. Furthermore, 1little addltlonal change was noted
when the muscle on the other slde was removed.

Fig. 7-20 shows trajectories of two single particles
on the remaining superlor surfaces of separate vocal folds
each of which had 1ts vocal muscle unilaterally exclsed.
In part A, the vibratlons were steady. However, Iin part B,
the measurements were taken over two complete cycles (as

in part 2 of this chapter) as the tissues deslccated
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FIGURE T7-10

Schematic representation showlng the portion of the
vocal fold removed in exclsed-niuscle exneriments.
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FIGURE 7-20 (A,B)

Measured trajectories of narticles on vreparations
wlith exclsed vocal muscles. Part B also shows a measured
static position when the vibrations stopoved. The format
of this figure 1s the same as that for Flg. 7-2.
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somewhat during the course of the experiment. Although the
excised muscle preparations operated qulite normally for short
periods of time, the increased exposure of the tissues to

the alr seemed to accelerate desiccation. As a result, it
was found difficult to malntain steady-state vibratlons long
enough for a complete set of measurements.

The trajectory in part A of Fig. 7-20 seems particular-
ly simple in shape, with no apparent perturbation. Ilowever,
thls simplicity i1s probably not due to the lack of the vo-
calls muscle. The trajectories in part F and vart H (par-
ticle 1) of Fig. 7-2. both of which involve the same larynx
with the muscle intact, are also comparatively simple. The
trajJectory for the exclsed-muscle preparation seems abnormal

-

in that its majJor axis 1s tllted away from rather than to-

-ward the midline, but .other aspects are normal. Glottal

closure occurs during the rising part of the trajectory, and
the particle becomes more assoclated with the medial vocal
fold surface during the open perilod of the cycle and on the
Inferlor-going part of the trajectory.

The trajectory in part B of Flg. 7-20 contalns a per-
turbation component. It shows some similarity to the tra-
Jectory in part B of Fig. 7-2, which 1nvolves the same
larynx with the muscle still intact. However, as was the
case for part A of Flg. 7-20 the axls of the major part of

the trajectory in part B tllts away from the midline.
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The ailrflow rate for the run in part B was abnormally
high, but thls seemed to be largely due to an interarytenoid
leak. The accompanying comments in tﬁe fipure indicate that
there was a small opening and closing gesture at the end of
the closed period (The corresponding part of the trajectory,
around phase 1ncrements 0, and 1 is at the perturbation.)
Thls tendency for double-pulsing (opening and closing twice
in one cycle) occurred mostly for dried-out preparations
with high flow rates.

As 1n previous flgures for supraglottal particles,
glottal closure occurred in the lower rising part of the
trajectory. During the open period in the cycle and on the
descendling part of the trajectory, the particle moved closest
to the medilal-superior edge. VWhen desiceation occurred,
the greatest changes were in the vertical component at the
superior part of the ﬁrajectory. The measured statlc posi-
tion of the particle at the end of the experiment with the
subglottal pressure set to zero was near the lower medial
part of the trajectory.

With excilised muscle preparations, vibrations of the
subglottal membranes could bte viewed from the outslde as
well as through the subglottal window. These vibrations
apparently formed a wave propagating in the superior di-
rection. In one case, a rough estimate of the propagation

velocity was made by measuring the approximate position of



fad,) e X 1

233
the peak at two phase increments. The veloclty was estimat-
ed to be 1.1 m/sec., agreeing roughly with previous esti-
mates already discussed. Looking at the tissues near the
base of the vocal fold, it was also noted that the vibra-
tions weré related to the detalls of the subglottal pressure
waveform. The medlal extremes of membrane position corres-
ponded to dips in the subglottal pressure waveform. The
major extreme coincided with the pressure dip fcllowlng the
péak associated with closure, but another local extreme
corresponded to a subsequent minimum in the ringing pressure
waveform.

Two other observations were made concerning phonation
of exclsed-muscle preparatlons. First, several efforts to
produce falsetto-mode phonation proved unsuccessful, al-
though falsetto can be produced with an intact larynx (see
Chap. 6). Though this does not necessarlly indicate that
falsetto phonation 1s impossible without the muscle, there
is at least some effect. Second, when significant parts of
the vocal ligament were cut away, the preparation would no
longer sustaln phonation.

3B, Discussion

Inasmuch as previous observations and measurements
seem to indlcate a membrane-wave or surface-wave phenomenon,
it 1s appropriate to examine the degree to which the vocal

ligament and vocal muscle, which form most of the body of
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the vocal fold, are involved. Ve examined this question by
studying the phonatory effect of altering the muscle (and
ligament). We could not independently manipulate the tension
of the muscle. (This 1s, in fact, the main limitation of

the excised larynx preparation, and it 1s important to re-
call that these experiments simulate at best only low vo-
calis-tenslon sltuations.) Thus, instead of manipulating

the tension, we altered the muscle by removing it.

The results of this experiment 1indicate that the vocal
muscle 1n excised larynxes does not play an essential role
in producing chest volce, though,it may be Ilmportant for
falsetto. The apparent waves on the medial vocal-fold sur-
face have the same approximate propagation velocity 1n in-
tact and excised preparations. In our small sample, the
only significant effect of removingithe muscle on the tra-
Jectory of a particle on the superior surface was to change
the angle of ité major axls. However, even 1f the slack
muscle does not play a significant role in producing phona-
tion, varyling the tenslon of the muscle 1s probably im-
portant in regulating ohonation. We can only speculate on
mechanlisms for this control such as adjusting the tensilon
of the vocal ligament and elastic tissues, or controlling
the shape of the undersurface oflthe folds. Though re-~
moving the muscle does not seem to appreclably change the

velocity of the apparent wave, perhaps tensing the intact
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muscle would have some effect.

Aslde from their implication about the importance of the
muscle Itself, the results of thils sectlon also indlcate that
the surface tissues on the lateral part of the vocal fold's
superior surface probably do not influence phonation. They
also show that the body of the vocal ligament itself is an
essential structure in producing phonation.

LA, Static Response to Varying Subglottal Pressure

In order to determine some of the statlc mechanical
characteristics of the vocal folds, the static shape of the
folds in the frontal plane was measured as subglottal pres-
sure was systematlically increased. The larynxes were placed
in a phonatory configuration (with the glottis closed), and
then subglottal pressure was varled through a range of values
below those for which phonatlon was initlated. The measure-
ment apparatus was usea.to obtaln coordinates of several
points along the vocal fold surface at each value of sub-
glottal pressure. Three sets of these measurements, for two
different larynxes are shown in Plg., 7-21.

In parts A and B of Fig. 7-21, measurements were made
largely on only one fold (the left). In part C, more ex-
tensive measurements were made on both folds.

The results shown in Fig. 7-21 should be considered
preliminary, and the experiments should eventually be re-

done more carefully. In each case, data were collected
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FIGURE 7-21 (A-C)

Measured vositions of the static vocal-fold surfaces
in the frontal plane as a furction of subglottal pressure.
Tath part of the fipure represents an individual run in
which subglottal pressure was systematically increased
from zero cm. l,0 in 1 cm. H»D steps.  The plotting symbols
represent actual measurements. They are Jolned by smooth
lines tc¢ represent the shapes of the folds.

>
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first for the zero subglottal pressure condition and then at
successive 1 cm. HZO increments. The measurement procedure .
was quite lengthy - for example, the duration of the measure-
ments was over one and a half hours for part B and almost
three hours for part C. During thls period, the tlssues
became deslccated and the resulting change in their mechani-
cal properties probably introduced a systematlc error. For
example, 1n parts B and C, the vertical level of the su-
perior surface dropped durilng successive measurement runs,
even though the subglottal pressure increased. The signl-
ficance of these errors could have been estimated by re-
peating some of the measurements, or 1t could have been re-
duced by randomizing the order of the measurements.

Parts A and B of Fig. 7-21 show that the tissues on the
inferior aspect of the vocal folds are "peeled" apart at
successlvely higher levels as the subglottal pressure is
Increased. Parts B and C, which refer to the same larynx
(though not necessarily in the same configuration), are
similar on the medial surface for the 0 cm. H20 and 2 cn.
HZO condltions. However, at 1 cm. H2O subglottal pressure,
the glottls 1s closed in part B but open in part C. Actual-
ly, during the experiment associated with part C of the
figure, hysteresis was noted in the behavior of the vocal

folds with varylng subglottal pressure. At 1 cm. H,O, the

2
glottls could be closed or open, depending on whether the
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value of subglottal pressure was approached from below or
above, respectively. The 6pen configu?ation was choseﬁ for
measurements because 1t was more stable.

Flg. 7-22 shows the static position as a function of
subglottal pressure for the left fold of the same larynx as
in part B and C of Fig. 7-21, after the vocal muscle was
unilaterally exclsed. The plot thus shows essentlally the
inner and outer surfaces of the conus elasticus and ligament
and whatever surface tissues are attached. The thickness
of all these tissues 1s about 1 to 1 1/2 mm. for the 0 cm.

H,O0 and 1 cm. H20 conditions, during which the glottis 1is

2
closed. However, the measured thickness was smaller when
the subglottal pressure was increased to 2 cm. H2O. This
may be due to desiccation, which would be, accelerated by

the flow of air through the open glottis durlng this last
part of the experiment. At the beginning of the experiment,
it was noted that phonation (with a fundamental frequency

of 80 Hz) was initiated at a subglottal pressure value near
2 cm. H2O. As a result of the desiccation, at the end of
the experiment, the preparation would not phonate at any

value of subglottal pressure.

4B, Discussion

Because of experimental problems, the validity of the
data presented in this section 1s questionable. Disregard-

ing these problems, however, data such as these may be used



FIGURE 7-22

Measurements simllar to those in Tlg. 7-21 for a larynx
wlth the left vocal muscle excised. At each value of
subglottal pressure, both the inside and the outside surface
of the left vocal fold is represented.
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to evaluate the static mechanical constants of models of the
vocal folds. In terms of the two-mass model, for example,
the*mass displacements, Xy and x2, can be derived from the
measurements themselves. The forcing function (pressure) 1s
known when the glottis 1s closed and can be estimated when
the glottls 1s open. From this information, the spring
constants k,, k,, and kc (see Chap. U) can be estimated.
This analysis of the results will be discussed further in
the followlng chapter.

The hysteresls effect In the glottal opening as sub-
glottal pressure 1s varied may be due to surface tensilon
effects. When the glottls 1s closed, surface tension may
keep 1t closed as pressure 1s ralsed, though the glottlis may
be open (1n the absence of surface forces) 1f the same value
of subglottal pressure 1is reached from above with the
glottlis open. Whether or not surface tension contributes in
such a way to the mechanical behavior of the folds should be
Investipgated further 1f measurements such as these are used
to derive mechanical properties of the tissues. (Note also
the dlscussion of surface tension in the first part of this
chapter.) It should be pointed out that surface tension is
not necessary to account for the hysteresis. Such an ef-
fect can be predicted within the framework of the two-mass
model, since there are, in general, at least two solutions

to the statle equations for the model.
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Area in the frontal plane i1s not conserved as subglottal

pressure 1s raised, espgcially in part C of Fig. 7-21 and
in Fig; 7-22. In these experliments, the loss of area 1s
probably due to loss 1n the water content of the tissues.
However, further attention should be paild to 'thils issue 1if
the experiments are repeated. In part A of Filg. 7-21, the
superior surface seems to bulge upward when subglottal
pressure 1s lncreased to 2 c¢m. H20, as mass 1s displaced

on the undersurface of the vocal folds. The possibility of
such a phenomenon was suggested i1n the first section of
this chapter (see Fig. 7-10). However, this kind of tissue
displacement does not seem to occur in parts B and C of

the figure.
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Chapter 8 Application of Results to a Laryngeal lModel

A stated purpose of thils thesis 1s to produce quantita-
tive data which can be applied directly to the problem of
laryngeal modelling. The type and amount of qata we have
produced are not sufficient to rigorously test existing
models or to develop new ones. However, it 1s possible (and
interesting) to examine how well a specific model of the
larynx (a two—segment model of the glottis and a two-mass
model of the vocal folds which was discussed in Chap. 4) can
be fit to the data to account for the interrelationships we
have measured. Though we do not expect significant differ-
ences, 1t should be borne in mind that we are referring to
the model for an excised dog larynx rather than a live human.
This chapter 1s devoted to applyling a tﬁ%-segment fit to
the measured or estimated frontal plane descriptions, and
then examining how well the theory developed for the two-
mass model accounts for the observed aerodynamic and mechani-
cal phenomena.

Location of Glottal Segments in the Frontal Plane

Vertlcal Level: The results presented in the previous

chapter indicate that there are vertical movements of at
least parts of the folds which are of significant magnitude
compared to the horilzontal movements, whereas the model
allows only horizontal movements of the two masses. We will

allow the vertical position of the two segments to vary,
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following the (subjectively defined) upper edge of the folds
as reconstructed from the data. This assumption does not
conflict with the aerodynamic theory. However, 1t does
conflict with the assumptions of the mechanical two-mass
model. Our procedure is valid only if vertical and hori-
zontal components of the vibrations are not coupled.

We will set the total vertical thickness of the two
segments to three millimeters, as has been commonly assumed
by modellers of the human glottis (e.g. van den Berg et al.,
1957; Crystal, 1966; Ishizaka and Flanagan, 1972). Ve will
also arbltrarlily set the two segments equal in vertical
thickness (each 1.5 mm).

An alternative method, which we did not adopt, 1s sug-
gested by our finding that vertical extent of the traject-
ories decréases wilth descending levél. The glottal segment
corresponding to mass i may be more nearly fixed in vertlical
level, and that corresponding to mass 2 would vary in ver-
tical thickness, extending from the top of mass 1 to the
superior surface of the fold. This procedure might be war-
ranted by the observation that the superior surface of the
fold in Filg. 7-11 and Fig. 7-12 bulges up near the mlidline
during the closed period and early open perlod as if the
mass of that part of the fold 1s "squeczed" - i.e. reduced
in horizontal depth but increased in vertical thickness.

Horizontal Displacement: Given a graphical representa-
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tion of the shape of the glottls in frontal section, an ob-

Jective method 1s needed to assign horizontal positions for
the two segments. The horizontal distance from the midline
of the graphical representation will normally vary over the
vertical extents of interest. For mechanical considerations,
we are concerned with displacements of a "center of mass'".
Since the glottal segments represent the surface of model
masses, a reasonable procedure 1ls to set the horizontal
position of the segment equal to the aVerage horizontal po-
sition of the graph over the appropriate vertical range
(i.e. "simple averaging"). TFor aerodynamic conslderations,
however, this method gives insufficient welghting to small
glottal widths. For example, 1if the glottis is closed over
only a small part of its thickness, the simple average will
give a nonzero width although clearly there can be no air-
flow. Thus, for aerodynamic considerations, a more appro-
priate algorithm 1s to set the inverse square of the
model's horilzontal position equal to the average 1nverse
square value of the measured displacements over the appro-
prilate vertical range (l.e. "inverse square averaging").
The results of thls calculation, when substituted into the
aerodynamic formulae for the two-segment glottis give a
more reallstic estimate of glottal airflow. Given the
airflow and assuming ideal Bernoulll relationships along

the part of the glottls corresovonding to mass 1, then the
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calculated value of the pressure Pl corresponds to the
average value of pressure over the range i1f the inverse
squareldisplacements are used.

As a result of these consideratlons, we will use the
inverse square calculatlions except when applied to the lower
segment while the upper segment is closed. 1In this re-
stricted situatlion, when there 1s no airflow, we will use
the simple average calculation.

Though it 1s not necessary to consider the horilizontal
depth of the masses here, we observe that this value should
probably be 1.0 to 1.5 mm., in accordance with our findings
in the previous chapter that essentially normal vibrations
are possible with only a membrane of that thickness.

Results of Calculations: The two-segment model was fit

«

to the sketches (shown in Figures 7-11 and 7-12) which were

reconstructed from measurements. Figure 8-1 shows the
horizontal displacement waveforms for the two segments and
also a plot of their vertical level. TPig. 8-2 shows the
segments superimposed on the sketches themselves, to illus-
trate graphically the averaging procedure. In Fig. 8-1,
the dashed line indicates the result of usling inverse
square averaglng rather than simple averaging for the seg-
ment correspondling to mass 1 when the one correspondlng to
mass 2 1s closed. At phase 7 mass 1 momentarlly touches

the midline according to the inverse square calculation,
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FIGURE 8-1

Pleots of the varying varameters of the two section fits
to the glottal shapes in Fig. 7-11. The upper nart of the
figure shows variation in the vertical level of the two
sections. The lower part of the filgure shows the horizontal
distance from the midline of the twveo sections. The nlotting
symbols show the results of the calculations. They have
arbitrarily been Jjolned by a smooth curve. The symbols
Jolned by the solid line show the results of apolyving the
algorithm described 1n the text. The symbols  joined by the
broken line show the result of applving the inverse-square
calculation to the lower section when the upper section is
closed.

b
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FIGURE 8-2
Sketches of the vocal-{old frontal sectlions fronm

Flg. 7-11 with the derived two-section approximation
superimposed.
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but Fig. 8-2 shows that the actual border of the fold touches
the midline only at the extreme of the vertical range of
mass 1. Thus, the simple average calculation appears more
realistic for thils situation.

The waveform for Xy then, never reaches zero. It is
a fairly smooth waveform (weighted toward the low part of
the spectrum) with a maximum slightly past phase 3 and a
minimum roughly a half cycle away at phase 7. The waveform
for Xo is more pulsatile, since 1t 1s zero for almost one-
half of the cycle. 1Its peak occurs near phase 4, lagging
about 1/8 cycle the peak for Xq - (This 1s despite the fact,
observed 1n the previous chapter, that particle 2 lags be-~
hind particle 3 by about 1/2 cycle.)

A two-segment it was also applied tb the results of
the static experiments.described in the previous chapter.
The segment positions were calculated for the shapes plotted
in Fig. 7-21 and Filg. 7-22 using the same averaging proce-
dures as for the vibration case. The results are tabulated
in the fifth and sixth columns of Table 8.1.

Aerodynamic Theory: Calculation of Average Airflow

According to the aerodynamic theory developed for the
two-mass model, glottal airflow can be calculated from the

relationship

2
B (215
lﬁ =2/p 2

2 2
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(see chapter U). For the purposes of this chapter, Xy and
X5 are the assigned displacements of the glottal segments
corresponding to mass 1 and mass 2, respectively, and L is
the length of the equivalent rectangle (having the same area
as the actual glottis). L is thus generally smaller than the
total length of the glottis. It may be noted that the above
relatlonship ignores not only time varying effects but also
effects of viscosity. However, calculations (Stevens, in
préparation) indicate that viscous effecés are insignificant
for displacement values greater than about 0.2 mm when PS is
at a normal value for phonation, so we are Justified in
lgnoring them in most of our calculations for the vibrating
case. However, the c¢ritical value 1s higher for smaller
values of PS, so it may not be valld to neglect these ef-
fects for ﬁhe statlc cases.

The above relationship was applled to the data plotted
in Fig. 8~1, which was derived from the phonatory patterns
sketched in Figs. 7-11 and 7-12. In thus deriving the
volume veloelty waveform, we followed the convention of
other modellers in assuming that subglottal pressure 1s con-
stant (at 1ts measured value of 8§ x 103 dynes/cmz), though
éctually there may be significant variation during the
cycle (see Chap. 7).

The results of the calculation, normalized to the

effective length, L, are plotted in Fig. 8-3. The average



FIGURE 8-3

Calculated waveforms of normalized plottal volume
velocity from the model. The quantity represented is volume

velocity per unit glottal length.
indicate .the calculated values.
by a smooth curve.

The plotting svmbols
They are arbitrarily joined
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value of this normalized variable is about 286 cmz/sec. In
order to agree with the measured value of Ué = 275 cc/sec,

L must be close to 1.0 c¢cm. This value 1s probably reason-
able. [The actual glottal length was not meagured during the
experiment, but 1t was probably about 1.2 cm.] However, it
should be pointed out that we are assuming all the measured
flow is through the intermembranous glottls. If there is

a §ignificant intércartilaginous leak, then the actual flow
through the intermembranous glottis 1s less than 275 cc/sec.,
and the effective length would have to be smaller 1ln order

to force agreement.

In chapter 7, 1t was noted that an effective term due
to volume displacement of the vocal folds should be added to
the volume velocity waveform. The magnitude of this term
during the closed period (phase increments 7 to 2) was shown
in Fig. 7-16, where it was calculated over an effective
length of 1.25 cm. For the supraglottal component, the mag-
nitude is 15 - 25 cc/sec. Reference to Fig. 7-14 indicates
that the component due to displacement of area during the
open perlod might add a maximum of about 25 cc/sec. during
the phase interval 4-5. These values are seen to be quite
insignificant in comparison to the calculated through-flow
values,

The form of the calculated volume velocity waveform 1s

that of a serles of pulses. Each pulse has a sharper onset
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than offset, and the rising portion is shorter in duration
than tﬁe falling section. Both these attributes are op-
poslte to those of the normal human volume velocity waveform.
However, the cause of this result is probably-jgst that
glottal inertence was not considered, or possibly that there
are ?ariations in the effective length, L. Also, viscous
effects would sharpen the waveform somewhat near the closed
pericd. The calculated volume velocity waveform 1in fact
resemtles the glottal width waveform (i.e. the minimum of
the widths for my and m2), which 1s known to commonly have

a shorter rising tnan falling phase (Sonesson, 1960; Timke
et al., 1958).

Further test of the aerodynamic theogy can be made
using the results of the statlc experiments. The third
column of Table 8-1 indicates that there are three cases
for which measurement of the actual volume velocity are
avallable. The fourth column of the table shows that actual
measurements of the glottal length are avallable for two
of these three cases.

The results of applylng the volume velocity calcula-
tions using the subglottal pressure from column 2 and the
dlsplacements from columns 5 and 6 are tabulated in column 7
of table 8-1. The values are expressed normalized to the
effective length, L. TFor the first case where there 1is a

measured value of Ug the calculated value of Ug/L



is 170 cmz/sec, compared to a measured value for Ug of

150 cec/sec. Therefore, this agreement seems reasonable with
a value of L equal to 0.9 em. In the second case, the cal-
culated normalized value 1s 156 cm2/sec, compared to the
measured value of 100 cc/sec. To force agreement, the value
of L must be between 0.6 and 0.7 cm. As shown in column 4
of the table, the actual length of the glottls for this
situatlon was measured as 0.8 cm. Since the effective value
will generally be smaller than the actual length, agreement
1s not unreasonable. In the last case (the excised muscle
experiment), the calculated value 1s 143 cme/sec. and the
measured value 1s 100 ce¢/sec. Thus, L must be about 0.7

to force agreement. The actual measured‘%ength of the
glottls was about 1.0 em. Thils agreement 1s again probably
within allowable limits to confirm the aerodynamic model.

In summary, to the limlited extent we were able to per-
form an analysis, the aerodynamic theory develoned for the
two-mass model seems adequate to account for measured
relationships between glottal alirflow and subglottal pres-
sure. This agreement tends to support Ishizaka's formula-
tion for the kinetic loss at the glottal exit (Ishizaka and
Matsudaira;l972)rather than van den Berg et al.'s (1957)
findings - which would imply a coefflclent of 0.5 rather

than 1.0 for the 1/x22 term. However, more detalled data
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are required in order to test the theory adequately.

‘Calculation of Py

Given the subglottal pressure, Ps, and the displacements

Xy and X5 the pressure in the lower section, Pl’ can be

calculated from the relationship

1 - (x./x.)°
P =P 21 when x; # 0.
1 s

_ 1+ .37(x2/x1)2
The parameter L does not enter into this.calculation. As
before, viscous and time-varying effects have been neglected.
According to the theory, P2 1s always near zero when the
glottls is open.

The Pl waveform for the vibration pattern 1llustrated in
Fig. 7-11 and Flg. 7-12 was calculated, again using the data

[Vl

plotted in Fig. 8-1 and assuming P_ constant at 8 cm. H,0
throughout the cycle. . Fig. 8-4 shows a plot of the results.
The pressure Pl 1s always well defined, since X, never be-
comes zero.

According to the calculation, P, 1s negative at only one

1
of the eight phase increments (viz. phase 5). The magnitude

of this negative value, however, 1s greater than the maximum

positive value (Ps). The Pl waveform therefore 1s a negative
pulse with 1ts peak near phase 5. The average value of P1

1s 4.22 cm. ,0.. Therefore, the average (negative) magni-
tude of the pressure waveform, considering 8-cm. H20 as a

baseline, is 3.78 cm. H20.
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FIGURE 8-4

Calculated waveforms of the pressure, Py, in the lower
section of the model. The calculated values are indicated

by the plotting symbols.
a smooth curve.

They are arbitrarily connected by
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The work done by P, in driving the mechanical vibrations

1
is proportional to the term
T dx

I
P.dx, = ( P, —— adt
dro = fr —

o

where the left integral is taken around a complete cycle of
X1 and the right integral is corre;pondingly taken over one
glottal period. The left hand integral is taken as the area
of.the locus of the vibrations in the P1 - Xl plane. The
integrand of the right hand expression 1s the instantaneous
power transfer from the aerodynamic system in the glottis to
the mechanical vibrations.

Figure 8-5 shows the trajectory of the vibrations in the
Pl - X1 plane. The sense of the trajJectory 1s such that its
area in the above expression 1is positive:b Thus, the theory
does 1ndeed provlide that aerodynamic forces drive the mechan-
ical vibrations. The reglons of the trajectory enclosed by
broken lines in Fig. 8-5 are the only ones for which the
power transfer, as defined iIn the right hand expression above,
1s negative. During these parts of the cycle, mechanical
energy stored during the rest of the cycle is used to oppose
the aerodyhamic forces. One such part of the cycle imme-
diately precedes closure. Thus, closure itself is due to
momentum of mass 1 and/or elastic festoring forces, but is

not directly caused by negative glottal pressure. (How-

ever, it 1s indirectly caused partly by the negative glottal
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FIGURE 8-5

TrajJectory of vibrations of the model in the Py

plane. The portions of the traJectory enclosed by the

broken lines are. those for which the aerodynamic-to-
mechanical power transfer 1s negative.

_.Xl
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pressurc .at phase increment 5), ¢

Pl has also been calculated for the static experiments.
The resuits are tabulated in the last column of Table 8-1.
Pressure cannot be determined, or is not meaningful, when
X, = 0. In the first static experiment, it 1s interesting
to note that Pl decreases despite an lncrease of PS when the
glottis opens.

The calculated values of Pl will be‘applied to further

analyses in the next section.

Sample Calculations of Mechanical Constants for the Two-iiass

Model

Derivation of Elastic Constants: The results of the

statlic experiments can be substituted into the static equa-
tions for the two-mass model to estimate “Some of the con-
stants. In their simplest form (assuming the elastic forces

linear), the static equations are:

ky (x)=%74) + kg (x=%5)

i

- + =
kz(x2 xzo) + kc(x2 xl) P2Ld2 when Xy # 0
The constants which are to be estimated are the elastic
constants Kl, K2, and KC, and the offset values X'o and Xzo.
The offset values are apparently .zero or negative for these

experiments. Ld1 and Ld2 are the glottal-surface area of

mass 1 and mass 2, respectively. TFor each static experiment,
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we have several sets of values for X15 X5 and Pl‘to substi-
tute into these equations; There are not enough samples with
X5 # 0, so we cannot make much use of the second equation.
Hoﬁever, we can use the first.

For the first static experiment, (see table 8-1)
JK X, ! is at least equivalent to a pressure of 1 cm. H,0.

1 2

If we assume that X4 becomes nonzero for P1 Just slightly

greater than 1 cm. H2O, then the magnitude of klxw 1s Just

lO3Ldl dynes. Then, for PS = 2 ¢m. HZO and Ps = 3 cm. H

the equation yields

205

3
= *
kl + kc Ldl/.018 10 and

kc = Ldl[.OES/.OM3 ¥ 1/.018 + 1/.011].
This produces the contradlictory relationship Kec> Kl + KC.
Thus, the simple two—méss theory 1s not adequate to account
for these results, elther because of the form of the mechani-
cal model 1tself or because of the aerodynamic model for
estimating Pl. Possibly the neglect of viscosity was not
appropriate. . (It may be noted that a consistent result may

have been obtalined 1f a higher value of Pl had been used for

the P, = 3 cm. H,0 condition.) If, in fact, it 1s the aero-

2

dynamic calculation and not the mechanical theory which is

inadequate, then the estimate of kl + k2

Assuming representative values of L and dl’ ve would then

is sti1ll valid.
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TABLE 8-1

Results of fitting a
results of static experiments
‘length was measured in only 4

(see text).
cases.

two sectlon glottal model to

Actual glottal
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tassocliates - kl>50 to 80 x 103, k2>12 X 103, Y.< kK
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find kl + kc to be the order of lOLl dynes/cm. This value

is somewhat smaller than those suggested by Ishizaka's

5 1 (Kaneko

et al., 1971; Ishizaka and Flanagan, 1972).
For the second experiment in Table 8-1, we know that

1K X 1< Ld, x 103. Then, from the P_ = 1 em. H,0 condition,

< 3 T . =
Kl + Kc\ 10°/.023 x udl with equality only 1if Xo1 0.

(This value is only slightly smaller than that derived from

the first experiment.) If we assume equality, then the

_ xLd
Ps = 2 cm. H2 1.

we derive that Kc is about five times stiffer than Kl' K2

cannct be determined from these equations as long as x

0 condition yields X_ = 10%/0.28 Thus,

02
remalns unknown. However, the relationship

k
k = c L

2 o+ '
2 +{ x,,1/.020

can be obtained, indicétiné tnhat K2 is no bilgger than Kc/2
and maybe much smaller.
For this third experiment in Table 8-1, simultaneous
equations can be solved eliminating leof and kc, since
(xl - x2) 1s the same for P_ = 1 cm. H20 and PS = 2 cm. H,0.
Ldl

Thus, we derive Kl = o.14 X 103, which 1s the order of

lO3 dynes/ cm. assumlng representative values for L and dl'
However, the solution of the equations ylelds an unphysical
negative value for kc. The value for K1 is one to two

orders of magnltude below that derived by other investigators
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(see Ishizaka and Flanagan, 1972).

For the last (excised muscle) experiment in Table 8-1,
there 1s insufficlent data to make any estimates.

In summary, the static experiments are not well des-
eribed by a linearized two-mass model. However, it 1s not
clear whether the maln difficulty is with the mechanical
model, with the aerodynaric theory for estimating Pl, or
with the measurements themselves. The estimates of Kl + KC
in the first two experiments, which depended only on data
obtained with the glottis closed, are more consistent and
more reasonable thnan the other results. Some of the un-
physical results might have been more realistic i1f the
estimated values of Pl during the open glottis configuration
had been higher. However, as was alreadz}discussed in
Chapter 7, there 1s also reason to distrust the experiments
themselves. Rather than focusing on any individual results,
1t 1s more useful to consider this section as describing
a method for evaluating constants in the two-mass model

which should be pursued further.

Further Analysis of Dynamic Results: The fundamental

spectral component of the waveform for x, in Fig. 8-1 has a

1
peak amplitude of about 0.06 .cm, and the phase of this
component is approximately phase 3 (i.e. 31/4 radians re-

lative to zero phase in the figure. The Xy waveform 1s

approximately a squared half-rectified cosine whose peak is
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slightly past phase 4. Using this approximation, its funda-
mental spectral component has an amplitude of 2/3m x 0.15 cm.

and a phase of about increment 4. Finally, if the P, wave-

1
form shown in Fig. 8-4 is approximated as a negative pulse
with average (DC) value of 4.25 cm. H,0, its first spectral
component has amplitude of about 4.25 x 103 dynes/cm2 and

phase of increment 1.

The equation describing the dynamics of mass 1 is:
mX) Xy g (xgmxgp) + ko (xxp) = LagPy
in which X1s Xg5 and Pl
Converting to the frequency domain:

are functions of time (see Chap. 4).

2
- < = +
( maw + J2ul VZkl+k05m1w + k1 + kc)xl Ldl + kcx2 DC terms
where now X1 X5, and P1 are functions of frequency, f, and
w = 2nf. The damplng ratio a1==rl/2 Uﬁngnh has been intro-
c
duced. (Jj 1s the square root of -1.)
We can make a (very rough) estimate of some constants by
solving this equation for f at the fundamental frequency
(100 Hz):
J3.78*103Ldl+(1—j )/ V2¥.032k,

L 2
=lo* * -
L0*10 m + J12.6*10 al\/iklmzjml iy +kc

006
Equating real terms:

4o * 1o“m1 =, * 63K,

If we arbitrarily set Ml = .020 grams, then
k, + .63 kc = 0.8 x lOu, which 1s simllar to the estimates

1
derived from the static experiments.



Equating imaginary terms: .

6.3 ¥ 102a1-V(k1+k25W1 = 63 ¥ 103Ldl - O.37kc
4

Again settlng my = .020 grams and Kl + Kc = 10, the result
3
* .
al,z'Ldl 6.3 ¥ 10 0 37k9 u
1.8% 100 1.8 * 10

1s obtained. Assuming a representative value for Ldl, this

becomes

. O-3ﬂ%
ali‘..’O.6 -
1.8 ¥ 10

We expect Kc to be the order of magnitude of 10q dynes/cm.

Therefore aq 1s expected to be about 0.4, which implies some-

what more damping than the approximate value of 0.1 suggested

by Ishizaka (see Ishizaka and Flanagan, 1972).
«a
It is emphasized that thls analysis was carried out on
only the first spectral component, and was based on only

rough estimates of the spectra. Further experimentation and

further analysis of results would be useful.
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Chapter § Conclusions

The results of thils thesis are briefly summarized and
discussed in the first part of this chapter. 1In short, ex-
perimental equlpment and techniques were developed and used
to observe phonating excised larynxes in apparent stopped-
or slow-motion, both from the supraglottal and subglottal
aspects. Detalled measurements of the vibration vatterns of
the larynxes were made. It can be concluded that useful
results were produced using the equilpment and techniques.

A body of data was collected and was used to test aspects of
a specific theory of phonation and to develop constraints
for models 1n general. A tentative new interpretation of
the nature of the mechanical vibratlions was formulated.

The llne of research initilated withcyhese experiments
should be continued and extended. Specific suggestions for
such further research are:contained at the end of thls
chapter.

Experimental Limitations

Aside from the inherent limlitations of the excised
larynx preparation (for example, that tlssue properties are
not exactly those of the llve larynx and that vocalls muscle
activity 1s Impossible to simulate), some further experi-
mental limltations were noted. Physiologlical steady-state
was difficult to maintaln for the duration of a run, due
largely to the problem of maintalning constant properties of

the laryngeal tissues. In particular, it was difficult to
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prevent desiccation of the tissues. The flow rates pro-
duced were generally somewhat greater than those for normal
human phonation. The high flow rates were probably due in
part to the anatomical differences between canine and human
larynxes and possibly due in part to physiological differ-
ences between live and excised larynxes. The subglottal
system was an inaccurate model of the normal human or dog
subglottal system, although 1t was probably more accurate
than those 1n other such experiments. Although the '"res-
piratory source" for many of the experiments.was basicaliy
a pressure regulator ratﬁer than a flow regulator, 1ts ef-
fective DC source resistance was approximately ten times
that of the normal human or canine system. The acoustic
propertcies of the subglottal system werec?lso somewhat 1in-
accurate. The first resonance (with the glottis closed)
was in the range of 390 to 400 Hz. and the resonances were
probably too poorly damped. TFinally, a limitaticon in inter-
preting the data from particle-trajectory measurements was
imposed by uncertainty as to whether the particles were
firmly attached to the surface tissues. (The particles
whose traJectories were measured were probaﬁly well fixed
on the tissues.)

Summary of Results

0

An apparently normal chest register vibration pattern
could be produced and falsettc register could also be

achieved. However, the abllity to produce falsetto was



dramatically impaired when the tissues became desiccated.

A distinct mid register, differentiated by the dégree of
activity of the subglottal portions of the vocal folds, may
have been produced. However, apnarent repgister shifts may
be attributable solely to acoustic effects of the subglottal
tract rather than shift of the overall mode of vibration.
(This phenomenon should be studied in greater detail.) Only
phonatory vibrations that were classified as "chest voice"
were used for measurements.

The minimum value of subglottal nressure for which
phonatory vibratlons were spontaneously initlated was about
3 cm. HZO' The minimum value for sustaining phonation was
about 2 cm. H20. In general, the value of subglottal pres-
sure necessary to lnitiate phonatlon wasagreater than that
necessary to sustain phonation. (This finding has possible
implications for explailning the coarticulation of voicing
during the production of consonants 1ln speech.) Both values-
increased dramatically as the surface tissues of the larynx
became desiccated.

Effects of surface tension forces between the surfaces
of the two vocal folds were noted on non-phonatory larynxes.
Surface tension did not seem to be an important factor durilng
phonation, however.

As subglottal pressure was systematically increased

vlth other factors remaining constant, fundamental frequency



24

ot

278

was found to increase at a rate of 5 to 7 Hz./cm. H;0

(Figs. 6-2, €-3, and 6-4), Substantial increases in funda-
mental-frequency were obtained by stretching the vocal folds
(Fip. 6-5).

Initial measurements on one larynx (Fig. 7-1) showed
that the total vertical extent in a frontal plane of "large"
(greater than about 0.3 mm.) vibrations was about 5 to 7 mm.
The vertical extent of the locus of polnts at which closure
occufred was about 3 mm. Another measurement (Fig. €-7)
showed this locus to encompass about 4.5 mm., with maximum
instantaneous depth of closure about 3 mm. The minimum in-
stantaneous depth of glottal closure, Just before.opening,
was almost Infinitesimally small.

Measurements of particle trajectoriif during simulated
normal phonation (Fig. 7-2) formed the main source of quan-
titative results directly relating to phonation. The shapes
of the trajJectorles were generally deséribed as perturbed
ellipses, although trajectories of particles furthest from
the midline were more nearly straight lines. Movement
aréund the ellipses was clockwise 1In the coordinate system
wlth medial to the left and superior up. The perturbations
of the ellipses often included secondary loops, which were
usually near the most medlal parts of the trajectories.
Vertical components were greater than horizontal components
for particles on or near the superlor surfaces of the vocal

folds. Horizontal components were greater for more inferior
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particles. In terms of the overall vibration patterns, par-
ticles on the undersurface generally moved laterally during
the clbsed period and medially during the open perilod. Par-
ticles on or near the supraglottal surface moved medially
and superiorly during the closed period and began moving
inferiorly and laterally at the beginning of the open peri-
od. The vibrations were such that particles near the
superlior-medial '"edge" of the vocal foldé appeared to be on
the superior surface for some parts of the cycles and on
the glottal walls during other parts of the cycle. "Simul-
taneous'" measurements of the trajectories of two or more
particles during a run (parts G and H of Fig. 7-2) revealed
phase differences between corresponding parts of the tra-
Jectories of particles at different vertigal levels,

Vibrations of the glottal wall anpeared to be des-
cribable as displacement moves propagating in the superior
direction. The vertical phase differences and the concave
shape of the glottal walls noted In high-speed fllms of
phonation (Farnsworth, 19l0; Smith, 1954) are natural conse-
quences of this wave motlion. Propagation veloclty was found
to be about 1 m/sec. Glottal closure, which according to
thils concept results from contact between wave peaks of both
sides, appeared to propagate as a wave. There was clearly
a displacement wave propagating laterally on the superior

surfaces of the vocal folds. Such waves can also be seen
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in high-speed films of normal human phonatilon (van den Berg,
1958). The velocityv of this wave was found to be about
0.3 to 0.5 m/sec.

The shape of the lower part of the glottis during the
closed period changed from that of an inverted V at the be-
ginning of the period to dome shaped (inverted U) at the end
of the period (Fig. 7-5). This pattern could be consistent
with the notion of a propagating wave and could also be con-
sistent with the notion of overall mass displacement such
that the folds '"roll" across each other (Fig. 7-9 and Fig.
7-10).

Peak-to-peak subglottal pressure variations, though not
measured exactly, were at least 35% and possibly as much as
100% of the average subglottal wnressure. . Aspects. of the
subglottal pressure waveform were wéll correlaéed wlth the
instant of maximum glottal ovening and were also correlated
with the 1nstant of glottal closure (Fig. 7-8).

Measurements of trajJectories were made while the tissues
became desiccated (Fig. 7-18). 1In some cases, the tissues
became so dry that phonatory vibrations were no longer sus-

tained. Physical correlates of desiccation were presumably

increase of stiffness, loss of mass, and/or change of surface

properties. Fundamental frequency generally increased as the
tissues became desiccated, though sometimes both fundamental

frequency and subglottal pressure decreased. The principle
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effect of tissue desiccation on the trajectorles was decrease
in thelr vertlcal components without much change in their
horlzontal components until vibrations stopped completely.
It was thus concluded that vertical components are closely
associated with the mechanisms for sustaining horizontal
components. The decrease of the vertical components might
have been assoclated with a decrease in the magnitude of the
AC component of the subglottal pressure waveform. This ef-
fect should be studied in future work. Perturbations in the
trajectories were not affected in a systematic way by tilssue
desiccation. Thus, the perturbations themselves did not
appear to be essential for phonation. Measurement of the
final static position of a particle (Fig. 7-18B) after the
vibratlions spontaneously stopped showed that the trajectory
could be consldered as osclllation about a static operating
point within the trajectory. The operating point 1is ap-
parently lateral and superior to the rest position of the
particle with zero subglottal pressure (Fig. 7-18B, Fig.
T=7).

Excised larynxes were able to produce nearly-normal
vibration patterns even when the vocalls muscle on one or
both sides was completely removed. The trajectories of par-
ticles near the superior surfaces of these vocal folds were
similar to those from preparations with intact muscles, ex-

cept that the major axes of the ellipses tilted in the
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supero-lateral direction rather than the<éupero—medial di-
rection. Wlth the excised-muscle preparations, the apparent
vaves bn the glottal walls could also be observed on the
external surfaces of the membranes. A similar propagation
velocity (1.1 m/sec.) was measured. It did not seem pos-
sible to produce falsetto phonation with exclsed-muscle pre-
paratlions. This result seems counteriﬁtuitive, since fal-
setto 1s thought of as involving only the fightly stretched
vécal ligament while chest voice 1s thouéht to involve both
the muscle and the ligament. (This result suggests that the
vocal muscle on the superlor surface of the fold must be
present to limit vibrations of the ligament and/or supbress
vibrations on other parts of the folds in order to _produce
falsetto.) It was not vossible to produgg chest register
phonation when the vocal ligament was significantly impaired.
Thus, properties of the vocal ligament are important for
chest volce. The experiments also show that the supraglottal
wave observed in chest volice phonation of "normal" larynxes
1s not necessary for phonation.

Measurements were made on non-vibrating larynxes to re-
construct the glottal shapes (in frontal section) when they
were 1Inlitlally closed but gradually opened as subglottal
pressure was increased (Fig. 7-21 and 7-22). The data con-
taln a systematlc blas, since measurements were made in order
of Increasing subglottal pressure and the tissues became

desiccated during the runs. The data were used to test some
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of the assumptions and evaluate some of the constants of the
two-mass model (in Chap. 8). Because of the experimental
diffichlties, conclusions about the mechanical system are
tenuous. Illowever, conclusions relating to the aerodynamilc
system depehd only 6n the measurements for a single value of
subglottal pressure and are thus less sensitive to the ex-
perimental problems.

Using the three data points iIn Fig. 7-21 and some addi-
ttonal information, estimates were made of the shape of the
vocal fold at each phase increment (Figs. 7-11 and 7-12).
According to these sketches, the surface tilssues of the la-
rynx were significantly stretched in the vertical direction
during the closed period and slackened during the open perlod
{Fig. 7-14). Assuming the laryngeal tisiyes to be incom-
pressible, 1t was not possible to account for the mass of the
vocal folds throughout a cycle on the basis of the sketches
(Figs. 7-14 and 7-15). The sketches show that there 1is ef-
fective alirflow during ﬁhe closed period due to the displace-
ment of volume above and below closure. However, analysils
of the magnitude of this effect (Fig. 7-16) showed that it
produced flow rates insignificant (less than 5%) compared to
those of the open period (Fig. 8-3).

The form of the sketches of the vocal folds at different
phases of the vibration cycle suggested that string vibra-

tions of the vocal ligament, as well as the surface waves



LT

2814
on the mucosa and conus elasticus, contributed to the vibra-
tion patterns (Fig. 7-17). These "string vibrations included
both translation of the mass of the string around the tra-
Jectory and also torsional flexure of the string. This con-
cept 1s discussed further below.

The sketches and aerodynamlic data obtained during pho-
nation and from the static experiments were analyzed using
the framework of the two-mass model. 1In order to apply a
two-section fit to the sketches of the glottis, 1t was ne-

cessary for the sections to vary 1in vertical position. Ac-

. cording to the fitting algorithm adopted, the lower sectlon

never closed during the glottal cycle. Vertical movements
of the sectlons were found to be of about the same_magnitude
as the horizontal movements (TFig. 8-1). _

The aercdynamic theory of the two-mass model, as formu-
lated by Ishizaka and Matsudaira (1968, 1972) was adequate
to roughly account for the relatlonships between average
subglottal pressure and average alrflow. The intraglottal
pressure predicted by this theory (Fig. 8-4) was reasonable
to the extent that 1t fed energy to the mechanical system
(Fig. 8-5). These tests of the theory are not very sensi-
tive, however.

Using the results of the static experiments, attempts
were made to estimate values for the elastic constants of

the two-mass model. The sum Kj + k, was estimated to be
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about lOu dynes/cm., or about an order of magnitude less than
that suggested by other investigators. Althoughcsome further
estimates of elastlc constants were made, the linearized

mechanical model could not be well fit to the data. The re-

sults suggested, however, that kc 1s greater than both kl and

k20
Very rough analyses of the dynamic results yielded si-

milar estimates for the elastic constants k. and kc. It also

1

suggested a value of 0.4 for the damping constant, « im-

1
plylng a more damped system than that suggested by other
investlgators.

In summary, the results of evaluating the two-mass model
suggested that 1ts aerodynamic aspects could account for our
results but 1ts mechanlcal aspects were lnadequate Iin some
respects. (It was polnted out, however,gzhat our tests of
the aerodynamlc model were not very sensitive. Actual dyna-
mic subglottal pressure and dynamlc glottal flow were not
measured for the experiment wilth phonation, and the vertical
distribution of pressure was not measured 1n any of the ex-
periments.) With respect to the mechanical model, although
the data leading to the static analysis in Chapter 8 were
questionable, the dynamic analyses showed that vertlcal
movements of the folds could not be ignored. In Chapter 7,
not only were vertical components of the vibrations found

to be significant in magnitude, but also the results of the

measurements during tissue desiccation suggested that they
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were functionally significant. (It might be argued that the
vertical movements could be ignored i1f they were independent
of the.horizontal movements, but apparently they were not.)
Measurement of the subglottal pressure waveform showed that
relatively large variations in vertical forces were produced
durling a cycle, as.expected from models and 1n agreement
with some measurements on humans (see Chaps. 3 and l). Ana-
lyses of the sketches of the frontal sectlons showed that
the surface tissues were stretched durlng the cycle (pre-
sumably producing vertical forces) and also that the glottis
assumed shapes which could not be well approximated by a
two-section model. Finally, accounting for the duration of
the closed portion of the glottal perlod, which 1is handled
in an ad hoc fashion in two-mass-model sipulations'(Ishizaka
and Flanagan, 1972), appeared to follow from the description
of glottal closure as a wave or wavellke phenomenon. That
is, although tilssues were almost 1mmediately peeled avart

at the lower edge of closure, tlssues on each fold above
closure continued to move toward the midline.

VWle have suggested, as an alternative to the two-mass
model, one which provides for membrane or surface waves on
the conus elasticus and mucous membrane and also possibly
string vibrations of the vocal lipament. This concept bears
some simllarity to the theory recently discussed by Hirano
(1974), in which vibrations of the mucous membrane (treated

as the "cover" of the vocal fold) were differentiated from
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those of all the muscular and elastic tissues (the "body" of
the vocal fold). Because of the results of the experiments
with exclised vocal muscles, however, we consider the mucous
membrane and conus elasticus to form a single vibratory'unit
in the lateral dimension. It 1s not clear whether the 1i-
gament should be considered to include 1ts mucous cover as a
single unit.

The possible modelling implications of our characteriza-
tion of the mechanlcal vibrations are that the vocal ligament
should have an essentlally lumped-parameter representation
(consisting of perhaps only one mass) while the model of the
membrane should be essentlally distributed (consisting of
several small coupled masses). These masses should be mov-
able 1in the vertical as well as the horiépntal direction.
The model for the ligament might include torsional flexure
(rotation). The masses associated with thé membrane have a
relatively small effective thickness (ratio of mass to sur-
face area) and are exposed to aerodvnamlc forces with large
dynamic components. The ligament has greater ratio of mass
to surface area and 1s exposed (directly or indirectly) to
relatively small aerodynamic forces. The forces on the
lipament are a consequence of mechanical coupling from the
membrane. The elements representing the membrane must be
adjusted such that a disturbance at one section in the'pre—

sence of airflow propagates downstream at an effective
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velocity of about 1 m/sec.

It is unclear, both for the model and for the real
larynx, what mechanisms are responsible for controlling such
aspects of the vibrations as fundamental frequency and open
quotient. At least 1n some modes of vibration, the proper-
ties of the vocal ligament must be primarily responsible for
controlling fundamental frequency. However, in chest re-
glster, we can speculate that the properties of the mermbrane
are also Important. This notlon might be supported by the
extreme dependence.of the performance of exclsed larynxes
on the properties of the tissues (since performance was
severely affected before the properties of the ligament could
have changed very much).

We have noted that the vibrating poifion of the membrane
vas roughly 5 mm. in vertical extent and that wave velocity

vas 1 m/sec., so that a wave traversed the extent of the

membrane in about 5 msec. At a fundamental frequency of

100 Hz. - roughly the average fundamentallfrequency produced
without stretching the folds in these experiments - the ex-
tent of the membrane was 1/2 wavelength so that distrubances
traversed the membrane in 1/2 cycle. Thus,ras the glottis

opened, a medial deflection occurred near the base of the

membrane and this deflection reached the level of the liga-
ment 1/2 cycle later, pulling iﬁ closed again. Perhaps the
mechanism of phonation required that the vertical extent of

the membrane remain in some fixed range with respect to a



2

ety

289

wavelength (whose magnitude varles inversely with fundamental
frequency). A correlation between vocal fold thickness and
fundamental frequency has been noted for normal human phona-
tion (Hollien and Colton, 1969; Hollien and Coleman, 1970Q).

It 1s interesting, though not necessarily meaningful, to note
that when the fundamental frequency 1s 50 Hz. (about the
lowest frequency produced by exclsed larynxes in chest voice),
the extent of the membrane would be just 1/4 wavelength. It
1§ tempting to sbeculate that 1t is Jjust this relationship
which sets the lower limit of fundamental frequency. |

Suggestions for Further Research

Further experimentation and theoretical analysis are
required to further specify and evaluate the model of the
vocal folds and to confirm or refute the<«speculations, con-
tained in the previous paragraphs. Such questions as
whether the propagation velocity depends on the length of
the glottls or the rate of airflow past the tlssues, or
whether the effective vertical extent of the membrane variles
with subglottal pressure might be 1investlgated. It would
also be useful to determine the natural frequency of the
ligament in the absence of aerodynamlc forces.

In general, the techniques developed for this thesis
can be exploited iIn future work both to obtain more and
better data of the type already collected and to extend the

type of measurements made. Along with more complete measure-
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ments of glottal shapes, better measurements of subglottal
pressure waveforms and the Inclusion of measurements of the
glottal volume veloclty waveforms are needed. With these
data, 1t would be possible to systematically study the
aerodynamic properties of actual glottal shapes and ade-
quately test models of the aerodynamic system. For example,
rigid models of the glottis could be reconstructed from

the measurements and be instrumented for detailed aero-
dynamic measurements (using techniques such as those of van
den Berg, 1957). DMeasurements of the pressure distributicn
within an actual glottis might also be made, at least during
static experiments.

The properties of the mechanical system may also be
more systematlcally studied. The static experiments des-
cribed in Chapter 7, for example, would gé more useful 1T
the effects of tissue -desiccation were removed and also if
the vertical distributlion of pressure were known more
accurately. The properties of the mechanlcal system could
also be profltably studled by applying dynamic excitations.
For example, 1t would be Interesting to determine the mecha-
nilcal response to spatially-constant but time-varying intra-
glottal pressure, 1f such a pressure could be produced.

To produce it would require the attachment of a supraglottal
chamber.) This kind of experiment would not only produce
direct measurement of the mechanlcal impedance of the folds,

but would also provide a direct test of the importance of
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vertical distribution of glottal pressure (as opposed to the
magnitude of intraglottal pressure itself) in producing vocal
fold mdvements. It would also be useful to apply direcf
mechanical (vibrotactile) excitations - for example, over
small areas to determine whether waves are propagated and

to measure thelr properties. Lateral distribution of the
vibrations is another aspect of the mechanical system that
can be studled using various techniques. Finally, in order
to Investigate the functilon of the vocalls muscle, technlques
for manipulating 1ts physical properties might be investi-
gated.

The effects of the subglottal system on phonation should
be investigated in more detail. In additlon, 1f a supra-
glottal tract were attached, the effects_?f the vocal tract
could be studied. Experiments in which larynxes are actuated
with gasses other than air and under abnormal amblent
pressure conditions may also improve our understanding of
phonation.

Although the research descrilbed here was largely con-
cerned wilth the detailed study of steady phonation using
stroboscopic techniques, it would be extremely worthwhile
to study in detail the initiationof phonation using high-
speed techniques. Careful observation should be made of
the initiation of vibrations from both the subglottal and
supraglottal aspects. These observations would determine,

for example, whether phonatory vibrations originate as
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subglottal ripples or as deflections of the tlssues in the
superlor parts of the glottls.

Finally, 1t 1s pointed out that some of the measurements
made on exclsed canine preparatlons should also be repeated
on exclsed human preparations and ultimately also on live
canine preparations. It was polinted out in Chapter 1 that
the experiments reported here apply directly only to phona-
tion as produced by exclsed canine larynxes. The additional
experiments would help to determine both the importance of
the canine-human distinction and of the excilsed-live

distinction.
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