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ABSTRACT

This paper presents a model of the vibration of child-sized
vocal folds. The model reflects the -anatomical. differences be-
tween children and adults in laryngeal structure. A scale factor,
or ratio of child to adult fundamental frequency, reflects these
differences. For a one-year-old child, a scale factor of 4 is derived
from the model. Values of fundamental frequency are predicted
and are shown to be in agreement with values measured for
young children.

INTRODUCTION

Children begin to produce speech-like sounds at a very early
age. Normal children communicate with speech and language
skills which approximate those of adults by the age of two or
three years. The changes in sound production which take place
during the first few years of a child’s life result from changes in
the child’s anatomy and in motor-control and cognitive abilities.
Each of these factors constrains the sounds produced by a child.
Some of the acoustic characteristics of children’s sounds are a
direct consequence of the size and configuration of the struc-
tures involved in speech production: the lungs, the larynx, the
vocal tract. Other characteristics may be influenced most by
the motor-control skills of a young child. The.cognitive ability
to form and manipulate mental representations of words also
has a significant influence on the sound sequences produced by
a child.

One aspect of an examination of children’s speech is modeling
the acoustic characteristics of sounds. Models which predict the
acoustic characteristics of adult speech abound in the literature,
but only a few models of children’s vocal systems have been
proposed. An approach to predicting acoustic characteristics of
children’s speech is uniform scaling of all vocal-tract dimensions.
This simple model fails to predict spectra which are in close
agreement with measured spectra of children’s utterances [13].
However, vocal-tract models which incorporate more detailed
anatomical constraints, such as Goldstein’s [4], generate formant
frequencies appropriate for children.

Analyzing the source characteristics of children’s speech re-
mains problematic. A high fundamental frequency (F0) is a
hallmark of children’s speech. The mechanisms by which chil-
dren produce and control these high fundamental frequencies are
not well understood. Various models, including the vibrating
string and spring-mass models, have been proposed to account

for the fundamental frequencies used in speech. The vibrating
string model predicts the general trend of higher fundamental
frequencies of children’s speech than adults’, due to the differ-
ences in the lengths of children’s and adult’s vocal folds. The
spring-mass models have been successful in predicting values
for the fundamental frequencies of adult speech and for airflow
through the glottis during vocal-fold vibration. Difficulties arise,
though, in using these models to predict an appropriate ratio of
a child’s FO to an adult’s or in predicting reasonable values for
children’s FO as a function of anatomical measurements.

BACKGROUND

The various theories of vocal-fold vibration indicate that the
frequency of vibration and the shape of the airflow waveform
depend on properties of the vocal folds, including the dimen-
sions of length, thickness, and height (vertical thickness) and
the Young's modulus and effective mass of the tissue.

Measurements )

Measurements have been made of length and mass of the
vocal folds, the thickness of the mucosa of the folds, and the
stiffness of vocal-fold tissue. The length of the vocal folds has
been measured for newborns, children and adults. Hirano et
al. [5] report measurements of vocal-fold length, including both
the membranous and cartilaginous portions, for males of various
ages. Lengths for children and adults reported by Gedgoud [3],
Negus [12], and Kahane [7] are summarized by Goldstein [4].
Several values are available for newborns and adults; relatively
few are reported for children between the ages of one and seven
years. Hirano et al. report an average length of approximately
3 mm for one-year-old children, or approximately one-sixth as
long as the vocal folds of adult males.

The thickness of the mucosa of the vocal folds has been mea-
sured by Hirano and his colleagues for newborns, children and
adults. The vocal fold thickens somewhat with age, but the
change in thickness is not at great as the change in length. No
direct measurements of vocal-fold height are reported. We as-
sume that the change in height is comparable to the change in
thickness.

It appears reasonable to assume that the vibrating mass of
the vocal folds is proportional to the combined mass of the thy-
roarytenoid and lateral cricoarytenoid muscles and the vocal
ligament. Kahane and Kahn [8] report the mass of the vocal
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fold muscles: 0.87 g for adults and 0.08 g for infants. Kaneko
and his colleagues[9] estimated an effective mass of 0.14 g for
adult vocal folds. Based on these values for adults and infants,
we calculated effective vocal-fold masses for one- and two-year-
old children of 0.02 and 0.03 g, respectively.

Vocal-fold stiffness has been measured for adult humans and
for young and old dogs. Kaneko and his colleagues report an
effective stiffness of 7.4 x 10* dynes/cm for the vocal folds of
adult humans. Measurements of stress/strain relationships for
vocal-fold tissue of young dogs and adult dogs were performed
by Perlman and Titze [14]. They found that the vocal-fold tis-
sue of young dogs is stiffer than the tissue of adult dogs. The
vocal-fold stiffness K can be determined from measurements
of Young’s modulus and dimensions. From Perlman and Titze’s
graphs of stress vs. strain, we estimated a ratio of Young’s mod-
uli of young to old tissue of 1.3, Using this ratio, the stiffness
reported by Kaneko et al. and vocal-fold dimensions, we com-
puted a value of 2.1 x 10* dynes/em for the stiffness of young
vocal folds. This value is consistent the range of transverse
moduli reported by Kakita et al.[10].

Models

Vibrating string and spring mass models have been proposed
to describe vocal-fold vibration. For each of these models, the
fundamental frequency of vibration of the vocal folds can be
determined. The vibrating string model is a one-dimensional
model whose parameters are vocal-fold length and tension. Var-
ious spring-mass models have been proposed (for example, [6])
which model the vocal folds in terms of lumped elements repre-
senting the mass, stiffuess and losses of the vocal-fold structure,
In order to predict the fundamental frequency of the vocal folds,
only the effective mass and stiffuess of the model are needed.

A scale factor, or ratio of child to adult male fundamental
frequency, reflects the differences in anatomical parameters be-
tween children and adults. For the vibrating string model, the
scale factor S Fytring depends it vocal-fold length (L) and ten-
sion {T):

FO. L, |T.
SFllrl’ng=ﬁ:=L—: IT: . (1)

The subscripts , and . refer to adult and child values, re-

spectively. Assuming that the tensions T, and T, of child and

adult vocal folds are approximately the same, we find that
" §Fstring %3 6 for a one-year-old child.

The scale factor for the fundamental frequency predicted by
a spring-mass model is

K, M,
K, M (2)

where K is the stiffness of the vocal-fold tissue and Af represents
the effective mass of the vibrating vocal fold. Solving for K in

terms of the Young’s modulus E and the dimensions of the vocal
folds gives

SFaprl'ny—mau =

FO E. kL M,
SFopring-mare = —=% = ([ JFele by
pring—mass Fo, E, &, holL, ﬁ: y o (3)

“.rhere h and b are the vocal-fold height and thickness, respec.
tively. Assuming the same ratio of child to adult value for both

cross dimensions h and b, the scale factor for the spring-mass
mode} reduces to

E L. M,
SFapn'ng—mau= 'E;‘ 'Z; E . (4)

For the values listed above, S F,pring—masse & 1.3 for the funda.
mental frequency of a one-year-old child compared to an adult.

Both the vibrating string and spring-mass models predict
that the FO of a child's speech is greater than the FO of an
adult’s speech. Neither prediction, however, gives a ratio which
is in good agreement with the values of FO of children reported
by various rescarchers. Typical values of FO for one- to two-
year-old children are in the range of 300 - 500 Haz, or 3 - 4
times the FO’s reported for adult males.

THEORY

The vibrating string and spring-mass models capture impor-

tant aspects of vocal-fold vibration, but fail to adequately model
some aspects of the vocal-fold anatomy. For instance, the vi-
brating string model does not take into account the effect of the
cross dimensions of the vocal folds on the stiffuess of the strue-
ture. Another shortcoming of this model concerns the boundary
conditions. The vibrating string model allows discontinuities in
slope at the juncture of the cartilages and the vocal-fold tis-
sue. The spring-mass model allows for discontinuities in both
position and slope at the endpoints of the vocal folds. The spec-
ification of boundary conditions is important in analyses of the
vibration of children’s vocal folds; children’s vocal folds are rel-
atively shorter and thicker than adults’, as shown in Fig. la.
The attachments of the vocal folds to the arytenoid and thy-
roid cartilages can be expected to play a significant role in the
vibration of children’s vocal folds.

A model of vocal-fold vibration which reflects the anatomical
structure of children’s vocal folds is the bending beam model.

(a)

ANNANNY

(b) g“*

AARNY

Figure 1: (a) Adult's and child's vocal-f to
-fold structures (not drawn
:fffdl:) (adapted from Bosma, 1986); (b} Bending beam model of vocal
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This model has been useful in predicting the vibratory motion -

of relatively stiff structures which are attached rigidly at their
ends and vibrate a small amount in the transverse direction (15].
The traditional bending beam model can be augmented by the
addition of a distributed stiffness along one side. Figure 1b
shows a bending beam which is fixed at both ends and which is
coupled to material on one side by means of a spring. The fixed
ends model the attachment of the vocal fold to the arytenoid
and thyroid cartilages. The spring models the lateral stiffness
of the vocal-fold tissue.

The equation for transverse motion of the vocal-fold model
shown in Fig. 1b is

Eb?\ di¢ K\, _
(m)iﬁ'(“’“pm)f-" ' ®)

where I represents the Young’s modulus of the vocal fold, K
models the stiffness of the vocal-fold tissue, b and A are the
thickness and height of the vocal fold, p is the density of the
tissue, and £ is the transverse displacement of the fold. Four
boundary conditions are imposed: continuity of displacement
and of slope at both ends of the vocal fold. A solution which is
a linear combination of trigonometric and hyperbolic functions
is assumed. Application of the boundary conditions results in

=0 . (6)

The variable 8 takes on discrete values which are found by
graphical solution; the lowest non-zero value of B is approxi-

matcly 4.73.
The values of w for which equation (5) has a solution are

given by

2 _ BY Ebh K

"Mt M @)

The first term is the square of the patural frequency of the

beam model of the vocal fold assuming no lateral stiffness, and

is called wf. The second term, w2, is the square of the frequency

of the spring-mass model of the vocal fold. The solution of the

general equation of motion shows the combined contributions of
the beam and the spring character of the vocal fold structure:

w=\F+a? . (8)

Numerical values for w can be found by substitution of the di-
mensions and tissue properties of the vocal folds,

If boundary conditions of position continuity and no stress
at the endpoints are assumed (instead of continuity of position
and slope), the solution of equation (5) reduces to the solution
of the equation of motion for a vibrating string.

RESULTS AND DISCUSSION

The frequency of vibration, w, of the voeal fold is a combi-
nation of the terms wy and w,. The first term of equation (7)
represents the frequency of vibration due to the characteristics

of the beam, where
_ |BY Ebh
“=\N1z Toar - (0

For amall L, as in the case of a child’s vocal folds, this term
dominates the expression for w, and w & w;. The vibration of
a child’s vocal folds appears to be most like that of a bending
beam. For a child-sized vocal fold with length 0.35 cm, height
and thickness 0.23 cm, and mass and stiffness as above, we find
wy = 2810 and w, = 1000. The child’s fundamental frequency
is thus 470 Hz.

In the adult case, or for large L, the w, term dominates, or
w N w,, where
K
Wy = A—l . (10)
The vibration of adult-sized vocal folds is similar to the vibra-
tion of a mass coupled to a spring. For an adult whose vocal
folds are of length 1.7 cm, height and thickness 0.27 cm, and
mass and stiffness as above, w; = 160 while w, = 760. The
corresponding fundamental frequency is 120 Hz.

Returning to our discussion of scale factors, we calculate a
scale factor relating the FO of the bending beam model (appro-
priate for a child’s vocal folds) to the F0 of a spring-mass model

(for an adult).
Bt E.b b2
SF=\V& o & - (11)

For values listed above, SF s 4.

Measurements of F0 of comfort-state vocalizations of young
children have been reported by several researchers. Keating and
Bubr [11] report FO measurements for children of ages 8 months
to approximately 3 years. In a study of the acoustic character-
istics of vowels produced by young children of ages one and
one-half to two and one-half years, we found average values of
FO ranging between 350 and 400 Hz(1]. These values as well
as those of Keating and Buhr are shown in Fig. 2. Overlaid
on these values are predicted values at ages one, two and three
years. It can be seen that the predictions of the bending beam
model closely approximate the data for young children.

Hz
500 -+ ..
00 + x of T
X
[}
300 +
200 +
100 +
l ] i
{ 1 1
1 2 3 yr

Figure 2: Predicted and measured values of F0. Predicted values
are shown by filled circles. Averages of values reported by Keating
and Buhr are shown by +'s; those of Bickley, by x’s.
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CONCLUSION

A model of vocal-fold vibration has been presented for which
the expression for the fundamental frequency consists ot: tyvo
terms. The bending beam term depends on tissue characteristics
and the connections at the ends of the vocal folds; the spring-
mass term depends of the bulk characteristics of the folds. For
young children, the bending beam term dominates; for adults,
the spring-mass term determines the fundamental frequency.
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