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A new experimental artificial larynx, which makes use of tranststors and
miniaturized components to provide a voice for those who have lost the use
of their vocal cords by surgical removal or paralysts, is described. The
larynx operates by introducing a substitute for the sound of the vocal cords
into the pharyngeal cavity by means of a vibrating driver held against the
throat. The acoustic principles of normal and artificial speech production
that were followed in arriving at the new design are presenled, along with
descriptions of the transistor circuit and ils operating characteristics.

I. INTRODUCTION

Tt is sometimes necessary, for the health of an individual, to remove
his entire larynx by surgery. His trachea is then terminated at an open-
ing (stoma) in the throat, and no connection between the lungs and the
voeal tract remains. Since the normal source of energy for the speech
process is provided by the lungs, such an individual loses his natural
means of speaking.

These persons are usually advised by their surgeons and speech thera-
pists to learn esophageal speech, and classes for this purpose are set up in
various centers. In producing esophageal speech, the upper end of the
esophagus serves as the substitute larynx and provides the necessary
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complex tone at an appropriate point in the vocal tract — the bottom
of the pharynx. The esophageal speaker must learn to swallow air, or
foree air into the esophagus and then control its escape, in such a manner
as to cause sustained vibrations of tissues at the upper end of the esopha-
gus. Not all patients can do this successfully. In fact, surveys have
shown that about a third of all larnygectomized patients are unable to
master esophageal speech for one reason or another.! In addition, the
quality of speech produced by this method is generally rather unpleas-
sant — to such a degree that, in a comprehensive comparison test, lis-
teners were unanimous in their preference for speech produced by a reed-
type artificial larynx rather than esophageal speech.?

The use of an artificial larynx is therefore frequently desirable, and is
often a necessity if the laryngectomized patient is to communicate by
speaking. At the present time, there are several different artificial laryn-
ges available, including the Western Electric reed-type which has been
distributed by the Bell System since 1930. However, both doctors and
users are generally agreed that there are various deficiencies in the per-
formaneces of all the available models, and that none are really efficient
in their function. In the past few years, suggestions for the improvement
of the Western Electric reed-type larynx have been received with in-
creasing frequency, along with suggestions that a totally different design
making use of transistors could provide improved performance. Accord-
ingly, it was decided to investigate the problem further to see how mod-
ern .components and techniques might be used to make an improved
artificial larynx.

The experimental artificial larynx to be deseribed here is a result of
these studies. Its characteristics are such that it provides an efficient
means of communication for laryngectomized patients, while being more
convenient and less conspicuous in use than the Western Electric Model
2 or other available larynges. It includes, in one small hand-held unit, a
modified telephone receiver used as a vibrating driver that is held against
the throat, a transistorized pulse-generating circuit and a battery power
supply. When the pulse generator is switched on, vibrations are trans-
mitted through the throat wall into the pharynx cavity and transformed
into speech by the normal use of the articulatory mechanisms of the
vocal tract. The loudness of the speech obtained with this unit is com-
parable with that of a normal person speaking conversationally. The
artificial speech so produced sounds somewhat mechanical, but it is
quite intelligible. By the use of an easily operated inflection control, a
degree of naturalness heretofore unobtainable in artificial larynges may
be achieved.
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II. HISTORY OF BELL SYSTEM ARTIFICIAL LARYNX WORK

There is substantial evidence that artificial larynges were used as
early as 1874, but it was not until 1925 that the Bell System became con-
cerned with this area of communications. F. B. Jewett, who was presi-
dent of Bell Telephone Laboratories at that time, suggested the develop-
ment of an artificial larynx. His suggestion was prompted by discussions
with a friend who had been laryngectomized and had impressed him
with the need for a device that was more satisfactory than any then ob-
tainable.

The Laboratories’ initial efforts resulted in an instrument that em-
ployed rubber bands stretched in a manner to simulate the vocal cords,
and was designated type 1A. These rubber bands deteriorated rapidly
and were a source of considerable dissatisfaction. Consequently, during
1929 a new larynx, designated type 2A, was developed that incorporated
several refinements,?® including the substitution of a vibrating metallic
reed for the elastic bands. It is this model, with a few minor changes, that
is currently being manufactured by the Western Electric Company and
distributed by the Bell System operating companies. The method of
operation of the 2A artificial larynx is illustrated by the sagittal section
view of the head in Fig. 1. The metallic reed is connected by tubing to
the stoma in the throat, so that the user’s breath can actuate the reed.
The sound of the vibrating reed is conducted through another tube into
the mouth, and this sound is used in the production of artificial speech
sounds with normal tongue, lip and jaw movements.

In all, about 200 of the Model 1A larynges were made between 1926
and 1930, and about 5500 of the Model 2A larynges have been made to
date. Since about 1950, the demand has remained constant at approxi-
mately 300 per year, although the number of laryngectomies performed
annually has increased steadily. This leveling-off has occurred partly
hecause there has been a marked increase during the last ten years in the
use of esophageal speech, with the establishment of many speech clinies
for the purpose of training laryngectomized patients in this method of
speaking.

However, as noted previously, about a third of the total number of
laryngectomized patients are unable to use esophageal speech, and con-
sequently the need for an improved artificial larynx has become more ur-
gent. In response to this need an advisory committee on artificial laryn-
ges was set up in 1956 by the National Hospital for Speech Disorders in
New York, and its recommendations have provided helpful stimulation
and guidance in the development of the new experimental model.
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III. DESIGN OBJECTIVES FOR AN IMPROVED ARTIFICIAL LARYNX

In determining objectives toward which artificial larynx experimenta-
tion should be directed, preliminary discussions were held with the com-
mittee mentioned above, whose members include several surgeons, speech
therapists and postlaryngectomized patients. To supplement the in-
formation obtained from them, all of the artificial larynges that were
commercially available were studied and analyzed to ascertain their in-
dividual advantages and deficiencies.

The primary requirements, of course, were that the artificial speech be
loud enough and natural enough so that the speaker could be easily
understood. For the speech to sound natural, it should have pitch in-
flection, and, like the natural voice, should have a suitable fundamental
pitch accompanied by harmonics that can be used to produce the various
vowel sounds. These objectives were discussed in some detail in a recent,
paper.t

Secondary to the above, but still of great importance to the user, were
the objectives that the device be inconspicuous and hygienic. It is in
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Fig. 1 — Sagittal section showing method of operation of reed-type larynx.



TRANSISTORIZED ARTIFICIAL LARYNX 1341

these respects that most of the presently available devices are deficient.
If the user has to insert a tube into his mouth, it not only calls attention
to his disability, but is also hygienically undesirable. Any connection at
the opening in the throat, such as that required for the Western Electric
Model 2, leaves much to be desired from the hygienic standpoint. In
electrical devices, dangling wires leading to battery cases are also em-
barrassing and are liable to become entangled with other objects. The
importance of making prosthetic devices inconspicuous may be inferred
from the great efforts that hearing aid manufacturers have expended to
make their produet less noticeable in use.

Other desirable characteristies were simplicity of operation, reliability
and low cost. Simplicity of operation is very desirable so that the patient
will require only a minimum of training and, as soon as possible, gain the
psychological benefits of vocal communication with his family and
friends. Reliability and low cost can probably be attained most easily by
the use of components that are already available commercially.

The design objectives, therefore, can be listed as follows:

(1) having output speech volume equal to that of a normal speaker,

(2) having output speech quality and pitch inflection like that of
normal speech,

(3) inconspicuous,

(4) hygienically acceptable to the user,

(5) simple to operate,

(6) reliable,

(7) inexpensive.

1IV. ACOUSTIC FACTORS IN PRODUCTION OF ARTIFICIAL SPEECH

4.1 Types of Sound Source Needed

In the production of normal speech, two types of sound energy are
involved. One is a periodic tone produced by the vocal cords. It is varia-
ble in frequency and rich in harmonies, and is introduced into the pharyn-
geal cavity of the vocal tract. Except in whispered speech, this tone is
always used in vowels and semivowels, including the nasal consonants,
and is present in some other “voiced” consonants.

This normal voeal cord tone is completely lost when the larynx is re-
moved. The esophageal speaker has learned to substitute the vibration
of membranes at the mouth of the esophagus. But, if this sound eannot
be produced and controlled adequately, another tone source must be
supplied, and this is the chief function of the artificial larynx. For intel-
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ligibility of the speech produced, it is essential that the tone contain a
wide range of harmonics, and, for naturalness, the harmonic amplitudes
should fall off toward higher frequencies at the same rate that the real
vocal cord tone does. Also, the tone should match that of the normal
larynx in fundamental frequency and in frequency variability.

The second type of sound energy in speech is random noise, which is
produced when the breath stream passesthrougha constriction formed by
tongue or lips. It is present in stop and sibilant consonants, sometimes
alone and sometimes in combination with the vocal-cord tone. These
sounds are vital for the intelligibility of speech.

The normal means of generating random noise by the breath stream is
also lost in the usual laryngectomy. However, it is not necessary to sup-
ply a substitute in an artificial larynx. Air trapped in throat and mouth
can be forced out in such a way as to take the place of the normal breath
stream in forming most of these sounds. Some deficiencies oecur, such as
a shortening of continuants like “s” and ‘““sh”, due to an insufficient
volume of the trapped air; and the sound “h” is usually completely lost.
The Western Eleetric reed-type artificial larnyx improves the ability to
make some of these sounds, by allowing some breath stream to pass
through the reed chamber into the mouth.

1.2 Point of Application of Substitute Tone

To mateh as nearly as possible the natural speech process, the artifi-
c¢ial tone should be applied in the pharyngeal cavity. This requirement is
not met in the Western Electric reed-type artificial larynx, yet under-
standable speech is produced. It is of interest to see just what changes in
the quality of speech sounds result from a change of source application
from pharynx to mouth.

It may be shown theoretically that a change from throat to mouth
application, keeping the vocal tract configuration constant for a given
vowel, does not change the resonant frequencies characteristic of that
vowel. It does, however, change the relative amplitudes of the different
resonances. The extent of the change depends upon the degree of con-
strietion imposed by the tongue, which is different for different vowels.
Another manifestation of the change is the appearance of antiresonances,
which are not present when the source is in the throat.

To confirm these conclusions, two experiments were performed. In
the first, an artificial tone was introduced into the pharynx of a human
subject. A tube was attached to a transducer that produced the tone,
and passed through the nose of the subject and into his pharynx until
the opening of the tube was not far from his voeal cords.
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Fig. 2 — Sound spectra of vowel sound ‘00’ (as in “book”) spoken normally
and as produced artifieially with sound source in pharynx, and in mouth.

Fig. 2 shows spectra taken as the subject made the vowel sound of
“hook”. The first was made with his own voeal cords. The same vowel
made with the artificial source yields the second spectrum. Although
some pains were taken to make the spectrum at the output of the tube
approach that of the real cord tone, some differences can be seen. The
third spectrum was produced with the artificial source withdrawn from
the pharynx and placed in the mouth of the subject. Particularly to be
noticed are the change in relative amplitudes of the first two resonances
and the “holes” in the mouth spectrum due to the antiresonances.

The second experiment made use of the Electrical Vocal Tract,®® an
analog of the voecal tract in which eavities are represented by lengths of
transmission line and constrietions by inductances placed in series with
the line (the tongue), or at its termination (the lips). An electrical com-
plex tone can be applied easily to either throat or mouth cavity. Settings
of such a device can be held constant more easily than a human subject
can maintain a particular voeal tract configuration. On listening to the
output of the artificial tract, it was found that vowel sounds changed
considerably in character when the source was moved to the mouth.
However, some but not all of their original naturalness could be restored
hy manipulation of the settings. It seems likely that the reed-type larynx
user makes these readjustments naturally under the guidance of his
own hearing, and that this accounts for the fact that his speech is still
very intelligible.

Fig. 3 shows transmission measurements made with a sine-wave input
on the Blectrical Voeal Tract, in the three settings determined by previ-
ous listening tests: (1) the vowel “oo” (as in “fool”) with a source in
throat, (2) the same settings with source in mouth and (3) with controls
readjusted to restore “oo’’ as nearly as possible.



1344 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1959

o

-5 1 _
. i !
@ -10 — - } |
: I\ |
2 \
g8 -1s - ! — l A
- -20 \ A \ II
5 \\
: .. / AN /;'/ \i S

\

7TANVI2\NE20
BN
g /f \\ ’l 3 ! ’ \\
z > /4 T ~ /I
o // / V|t e g H
" _a0 Z | “ ! L
P TR |
£ -a5 // 1! ' | !
NG 1k N/

-50 i A L

[ ]
—ssl 1 1] L Ll
5060 80 100 306 300 400 600 B0D 1000 2000 3000 €000 16,000

FREQUENCY IN CYCLES PER SECOND

Fig. 3 — Transmission vs. frequency characteristic of electrical voeal tract:
(1) adjusted for vowel ‘o0’ (as in ‘‘fool’’) with sourece in throat position; (2) same
settings, but with source in mouth position; (3) with source in mouth, but with
controls readjusted to restore the ‘‘oo’’ sound as nearly as possible.

Although it would seem that excitation in the mouth is not as disad-
vantageous as it at first appears, pharynx excitation is still preferable. It
is, of course, not practicable to introduce the sound through the nasal
cavities as was done for the subject in the experiment described. In
fact, insertion of any outside bodies into throat and mouth tends to be
unhygienic. However, sound can be introduced into the throat from out-
side by transmission through the throat wall. This principle was used
in an artificial larynx designed by Wright.” In the present development,
it has been found possible to produce an adequate spectrum in the
pharynx by this method, while at the same time limiting to a reasonable
level the sound radiated directly from the device.

4.3 The Use of a Throat Vibrator lo Provide Substitute Vocal-Cord Tone

The experiments just described indicate that the preferred position
for the sound souree is in the pharynx. Some thought was given to the
use of a transducer surgically embedded in the throat. However, this
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would require a second operation for those who already had been laryn-
gectomized, and the opinions of doctors consulted on the subject were
divided as to its advisability. Accordingly, it was considered to be out-
side the scope of the present artificial larynx project. The problem then
became one of transmitting through the flesh and cartilage around the
pharynx a complex signal with a broad frequency spectrum. In order to
obtain natural-sounding speech, the source spectrum must have strong
low-frequency components. The total frequency range required extends
from about 100 to several thousand cycles per second.

Experiments were conducted using a variety of vibrating devices
held against the outside of the throat. Some of these were constructed
especially for these tests and the rest were devices obtainable commer-
cially. Of all these, the TTA-1 telephone receiver used in the type 300
telephone sets proved the most promising.® However, when pressed
against the throat, the loading on the diaphragm was far different from
what it is when working into air, since the characteristic mechanical
impedance of flesh is some 4000 times that of air. This heavy loading
made desirable a number of modifications in the receiver to enable it to
give a greater amplitude of vibration into the throat. These modifica-
tions are deseribed in Section 5.4.

V. CIRCUIT AND MECHANICAL CONSTRUCTION

The circuit of the new experimental artificial larynx uses a highly effi-
cient arrangement of transistors powered by mercury batteries to pro-
vide a compact, self-contained unit. In its design, an objective was to use
commonly available, inexpensive components wherever possible. Fig. 4
illustrates the eylindrical configuration of the unit, with the combined
on-off switch and pitch-inflection control knob arranged for operation
by thumb or forefinger.

5.1 Transistor Circuit

A schematic diagram of the circuit is shown in Fig. 5. It is essentially
a two-stage relaxation oscillator followed by a power stage that works
into a transducer. The relaxation oscillator uses a p-n-p transistor, Q. ,
and an n-p-n transistor, Q:, coupled together with regenerative feedback.
The frequency of oscillation is determined by the pitch-control resistance,
R, in combination with eapacitance ¢;. The output of the relaxation
oscillator appears across resistance rs as a series of short periodic pulses.
The width of these pulses is determined by resistance r, and capacitance
¢y . The values shown in Fig. 5 give a pulse width of 0.0005 second.
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Fig. 4 — Picture of artificial larynx showing thumb-operated on-off switch and
inflection control.

The periodic pulses generated in the relaxation oscillator are trans-
mitted through the semiconductor diode, ¢r;, to the base of power
transistor @z . The HA-1 receiver is connected in the collector cireuit of
Qs , and receives short periodic current pulses of about 0.45 ampere peak
value at the oscillation frequency.

The range of oscillating frequency may be adjusted by changing the
range of resistance r; available in the piteh-control rheostat, to simulate
either a man’s or a woman’s pitch range. IFor men, the range is from 100
to 200 eycles and, for women, it is from 200 to 400 cycles. This is an oc-
tave range in either case, and is sufficient to duplicate the pitch inflection
used in normal speech. The on-off switch and pitch-control rheostat are
arranged so that the switch is closed at the lowest oscillating frequency,
and further movement of the eontrol causes the frequency to increase.
The control knob is spring-loaded so as to return it to the off position
when released.

Two 5.2-volt mereury batteries in series provide the necessary power
to operate the circuit. Although the peak is 0.45 ampere, the pulse duty
factor is so small that the average current drain from the batteries is
only about 22 milliamperes. The rating of the batteries is 250 milliampere
hours.

As an alternative to the self-contained mercury batteries, a small
rectifier operated from 115-volt, 60-cyele line voltage may be substitued.
This arrangement may be useful at an office desk or other fixed location.
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When the rectifier power supply is plugged into the auxiliary power jack
shown in Fig. 5, the batteries are disconnected from the circuit.

5.2 Selection of Pulse Duty Cycle

The average current drain on the batteries, the spectrum of the acous-
tic output of the artificial larynx and the loudness of the output, are all
funetions of the pulse width, assuming a fixed supply voltage. For widths
of a few tenths of a millisecond, the average current drain would be low,
and the spectrum would have a wide frequency band with strong har-
monies running up to several thousand eycles per second, but the acous-
tic output would be weak. Fig. 6 shows the relation between acoustic
output and pulse width, and also the relation between current drain
and pulse width. The acoustic outputs displayed were obtained by meas-
uring the output from a single subject saying “ah” at a distance of 3
feet from the sound level meter. Pulse widths of 0.5 to 0.6 millisecond
gave near-maximum output. For wider pulses, the acoustic output de-
creased, and the speech became somewhat muffled and nasal in quality.
A pulse width of 0.5 millisecond was adopted. Correspondingly, the aver-
age current drain was 22 milliamperes at a frequency of 100 pulses per
second. Sound spectrograms of speech using the 0.5-millisccond pulse
width indieated a satisfactory spectrum.

5.3 Mechanical Construction

FFor simplicity of construction, a cylindrical container was chosen to
house the artificial larynx. The dimensions of the experimental model are

T
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Tig. 5 — Schematic of artificial larynx ecircuit.
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Fig. 6 — Characteristics of acoustic output vs. pulse width, and average bat-
tery supply current vs. pulse width.

12 inches in diameter and 3% inches long. The weight, including batteries,
is 8 ounces. To package all the components in this volume, a modular
type of construction was used, as shown in the exploded view in Fig. 7.

The HA-1 receiver is at the front end of the unit, with the diaphragm
flush with the end of the cylinder. The back of the receiver is wrapped
with sponge rubber, and two dises of sponge rubber and one of thin
brass sheet are placed between it and the adjacent components to at-
tenuate the backward radiation of sound. Were it not suppressed, this
direct radiation back through the shell and into the surrounding air
would tend to mask the speech sounds and contribute a buzzy, mechani-
cal quality to the over-all effect.

The next two modules back of the receiver contain the pitch-control
rheostat, the transistors and associated circuit elements. The last module
contains the two mercury batteries in a plastic shell and the jack for the
external power supply. The back plate may be removed by unscrewing a
single machine screw which has a slot large enough so that a thin eoin
may be used in place of a screwdriver. This permits convenient access
to the mercury batteries for changing them without disturbing the rest
of the circuit.

While the experimental model is a compact unit, some further mini-
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aturization could be achieved by the use of printed ecircuit techniques
and closer component spacing.

5.4 HA-1 Receiver Modificalions

The HA-1 receiver as normally used in a telephone set has a protective
metal grid and cloth cover over the diaphragm. For use in the artificial
larynx these are removed. And, in order to achieve greater efficiency in
terms of output volume of artificial speech for a given battery supply
power, several additional modifications were made.

The permanent magnets were magnetized to full strength, instead of
being only partially magnetized. The diaphragm was correspondingly
shimmed out from the pole pieces, so that it would not be pulled into
contact with them. The spacing between diaphragm and pole pieces in
this condition measures between 0.002 and 0.003 inch, and a slight
push on the diaphragm is sufficient to make it adhere to the pole pieces.
The electrical pulses from the transistor eircuit are so poled as to oppose
the permanent magnet field and release the diaphragm to spring outward.
This driving polarity gives higher speech volumes than the opposite one.

In order to obtain sufficient current from the 10.4-volt supply to coun-
teract the permanent magnetization, it was necessary to decrease the
impedance of the receiver winding by connecting its two coils in parallel
instead of in the usual series arrangement. In order to improve the
match of mechanieal impedances between the receiver and the throat,
a diaphragm of 0.0083-inch permendur was used in place of the stand-
ard 0.011-inch thickness provided in the HA-1. A series of tests was
made with a range of thicknesses from 0.0065 to 0.011 inch, and it was
found that the highest speech volumes were obtained with a thickness in
the order of 0.0083 inch.

Fig. 7 — Exploded view of artificial larynx, showing modular construction.



1350 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1959

In order to reduce the magnetic saturation of that area of the dia-
phragm between the pole pieces, a small center patch of permendur, 0.54
inch in diameter and 0.011 inch thick, was spot-welded to the diaphragm
before heat treatment. This addition improves the magnetic circuit and
does not materially affect the stiffness of the diaphragm.

The HA-1 receiver normally has a small resonance damper provided
by a cloth-covered hole in the plastic back under the diaphragm. This
damps the natural diaphragm resonance, which in air falls at about 3000
eyeles. The cloth covering this hole is removed in the artificial larynx,
and diaphragm damping is obtained by contact with the flesh of the
throat. Removal of the cloth damping patch slightly increases the output
of high-frequency harmonics in the artificial speech.

5.5 On-Off Switch and Inflection Control

The arrangement of the on-off switch and inflection control was de-
signed for ease of manipulation. With practice on the present arrange-
ment, either rising or falling inflection ean be achieved at the beginning
or ending of voicing.

Several other methods of control were tried. One made use of a rack
and pinion gear arrangement, in which a button was pushed straight
into the shell of the unit. Precise control of frequency was not easily
obtained with that method. It was found more satisfactory to push the
control sideways over a distance of a half-inch or more. Another early
version depended for control on application of pressure along the longi-
tudinal axis of the artificial larynx. This seemed satisfactory from the
funetional standpoint, but was more difficult to implement mechanically
than the arrangement finally adopted.

VI. ACOUSTIC PERFORMANCE

Tests of the acoustie performance of the new artificial larynx have been
made to find how nearly it meets the original design objectives with re-
spect to output volume and speech quality.

6.1 Loudness

A little practice is required to find the proper pressure and placement
on the throat that yield the best results. Output volume measurements
on subjects who have acquired a moderate amount of proficiency show
sound pressure levels on the vowel peaks of 70-75 db above 0.0002 mi-
erobars at a distance of three feet from the speaker’s mouth. This is
approximately a normal conversational level. However, in an environ-
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ment so noisy as to require a speaker to raise his voice appreciably above
the normal level, this volume would limit the separation between talker
and listener to shorter distances than those possible for a normal speaker.

6.2 Frequency Spectra

Speech quality has been checked by comparisons of frequency spec-
tra, and by measurement of the ratio of speech signal to directly radiated
buzz. Spectrograms®! of the words “artificial larynx” and amplitude
sections of ten vowel sounds were made from the speech of one subject,
using both the new artificial larynx and his natural voice. These are
reproduced in Iigs. 8 and 9 respectively. In Fig. 8, it may be seen
that the “f”” and “sh” sounds in the word “artificial” are shorter in dura-
tion for the artificial larynx speech than for the normal speech. With the
artificial larynx, the speaker must make such sounds by means of the air
trapped in his mouth and pharynx sinee his normal air supply is cut off.
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Fig. 8 — Sound spectrograms of the words ““artificial larynx’’ as spoken nor-
mally and with the new experimental artificial larynx.
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This small air supply thus tends to shorten fricatives and sibilants, but
the spectrogram indicates that they can be made satisfactorily. Some
practice was required to make the “sh” sound in “artificial” as long as
that which is shown.

In using the artificial larynx it is more convenient to leave it turned
on through several syllables or words than to turn it on and off as one
does in natural voicing. That this does not make the speech as unnatural
as one might expect is indicated also in Fig. 8. The instrument was
turned off between the two words, but it can be seen that, for the “t”,
“f7“gh” and “x” sounds, very little of the voicing comes through, al-
though the device was operating while those sounds were being produced.
For the unvoiced fricatives and stop consonants, the sound transmission
path from the pharynx is evidently nearly closed off.

In the comparison of the vowel spectra shown in Fig. 9, it is apparent
that the new artificial larynx is able to transmit sufficient power into the
pharynx throughout the spectrum to permit satisfactory development of
the high-amplitude regions (formants) of the vowel sounds. It has been
indicated! that the harmonies in the source spectrum of the natural voice
are strongest at the low frequencies, dropping in amplitude toward the
high frequencies at about the inverse 1.5 power of the harmonic number.
A eross comparison in Fig. 9 shows that, for some vowels, the difference
in the high- and low-frequency amplitudes is greater for the natural
source, and, for others, it is greater for the artificial source. This observa-
tion leads to the conclusion that, on the average, the artificial source has
approximately the right spectrum.

6.3 Externally Radiated Interference

Some of the sound produced by the vibrating diaphragm does not pass
through the speaker’s throat but is radiated directly by the instrument
itself or from areas of the throat around the place where the unit is
pressed. This external radiation, of course, would interfere with the intelli-
gibility of the speech if it were not well suppressed. Measurements taken
in an anechoie chamber with the unit pressed against the throat but with
the mouth closed showed an intensity level for this interference 20-25 db
below the level when the vowel “ah” was being voiced. When the unit is
operated with the vibrating end working into a sound-absorbing cavity,
the level is about 6 db lower still, indicating that most of the interfering
sound is from the throat areas immediately adjacent to the artificial
larynx rather than from the instrument itself. If it should be desirable to
reduce this noise still further, the end held against the throat might be
specially shaped to reduce the external vibration of the throat tissues.

8.4 Reactions of Laryngectomized Users

In collaboration with the Advisory Committee on Artificial Larynges

. «: 2 M 1Y &
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tions. Four units of the new design were used in the field test; two were
assigned to two laryngectomized patients for the entire period of four
weeks, and the other two units were used for shorter periods by several
other patients. In all cases, favorable comments were made on the speech
quality and the lack of externally radiated buzz. Comments of friends
and relatives of the patients using the new model generally indicated
that they liked the intelligibility and speech quality of the artificial
speech produced by it.

One comment was made to the effect that, for optimum comfort in
use, the diameter of the unit should be somewhat less. Adoption of this
suggestion would preclude the use of the HA-1 receiver. The Advisory
Committee on Artificial Larynges of the National Hospital for Speech
Disorders felt that, for nearly all patients, the present diameter of 1%
inches would be satisfactory, and did not recommend such a change.

Battery life was indicated to be satisfactory in these tests. The new
units were used alternately with other models by the two patients who
had them for the entire test period, and it is not known just what their
cumulated operating times were, One of the two patients estimated that
he had used the new unit for about half of his talking. None of the four
units in the limited field test required a change of batteries during the
four-week period.

VII. ARTICULATION TESTS

Articulation tests using speech produced by practiced talkers with
previously available artificial larynges have been carried out. These
tests were intended as a guide in the development of the new instrument.
A second set of tests was made after the new experimental model was
available, comparing it with previous types.

7.1 Tests with Previous Types

Tor the first test, it was possible to obtain two experienced users
of esophageal speech, of the reed-type artificial larynx, and of an

TABLE I-— PErcENTAGES OF PB Worps HearD CORRECTLY, FROM
NATURAL AND SUBSTITUTE-LARYNX SPEECH

Natural voices 97.3
96.6
Esophageal speech 79.0
64.1
Reed-type artificial larynx 63.4
40.3
Throat-type artificial larynx 58.1

40.3
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available type using throat application. These individuals were asked to
read five of the Harvard PB (phonetically balanced) lists of 50 mono-
syllabic words,”! Their utterances were recorded on tape and presented
later, in a suitably mixed order, to a crew of seven listeners who re-
corded their responses. Two speakers with normal voices were included
for comparison. The percentages of wards heard correctly are given in
Table I.

To understand the significance of these scores, it has been found that
a 60 per cent articulation from such isolated words corresponds to a sen-
tence intelligibility of more than 95 per cent, and that even 40 per cent
in the word score means that more than 90 per cent of sentences would
be understood.

In a test supplementary to the above, it was found that the articula-
tion score with the throat type tested could be improved to about 70
per cent if the directly radiated sound were reduced about 20 db.

The number of individuals in the tests was too small to indicate an
over-all ranking for the different types. It can be concluded, however,
that either the reed type (with mouth application) or the external throat
type could be sufficiently intelligible to give good conversational ability.
The choiee between these types could therefore be made by other criteria.

7.2 Comparison of New with Best of Older Types

The second set of tests was abbreviated, and was intended to provide
a comparison between the new larynx and the previous types. Thus,
only the higher-scoring individuals using the reed and throat types in
the previous tests, with two PB lists (100 words) each, were incorporated.
These utterances were compared with 100 words from the new experi-
mental model. Beeause of changed conditions (principally the use of a
crew of listeners who were less familiar with laryngectomized speech)
the results shown in Table II are not directly comparable with the pre-
vious tests. They are comparable with each other, however.

With regard to population averages, these figures cannot be considered
indicative. The differences, however, are favorable for the new model.

VIII. CONCLUSIONS

An artificial larynx has been developed that is hygienic, convenient
and inconspicuous. It has a fundamental tone that is similar in pitch

TABLE I — ARTICULATION SCORES FROM NEW IEXPERIMENTAL
ARTIFICIAL LARYNX AND FROM THE MORE SUCCESSFUL
UseErs oF OLpER TYPES

Older throat type 43 per cent
Reed type 52 per cent
New experimental model 59 per cent
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range and variability to the real voice, and near enough in spectrum to
produce natural-sounding speech. The loudness of the speech produced
with it is comparable to that used in normal conversation, and the speech
is generally free of masking effects of directly radiated noise. The essen-
tial characteristics and performance of this experimental model will be
incorporated into a commercial design to be manufactured by the West-
ern Electric Company. Distribution of the new model, beginning some
months henee, will be through the Bell System operating companies, fol-
lowing procedures similar to those used with the Model 2 reed-type
larynx for the past 30 years.

IX. ACKNOWLEDGMENTS

We wish to thank Dr. L. H. Whitney, medical director of the American
Telephone & Telegraph Company, and L. C. Withers of the Western
Electric Company for their continued interest and encouragement, and
Dr. Hayes Martin of New York and Dr. Lynwood Heaver, medical direc-
tor of the National Hospital for Speech Disorders, for assisting us in
finding expert laryngectomized talkers. Some ten of the latter were very
cooperative and generous of their time in recording our test sentences
and lists of words with esophageal speech and various models of artificial
larynges. Our thanks are also due to D. J. MacLean for his valuable aid
in many technical phases of the work, to Miss E. A. Klarmann for as-
sistance in preparation and scoring of the articulation test and to J. H.
Kronmeyer for aid in mechanical design and construction of the new
model.

REFERENCES

1. Heaver, L., White, W. and Goldstein, N., Cliniecal Experience in Restoring
Oral Communication to 274 Laryngectomized Patients by Esophageal Voice,
J. Am. Geriatries Soc., 3, September 1955, p. 678.
2. Hyman, M., An Experimental Study of Artificial-Larynx and Esophageal
Speech, J. Speech and Hearing Disorders, 20, September 1955, p. 291,
3. Riesz, R. R., Description and Demonstration of an Artificial Larynx, J.
Acoust. Soc. Amer., 1, January 1930, p. 273.
. Barney, H. L., A Discussion of Some Technical Aspects of Speech Aids for
Postlaryngectomized Patients, Ann. Otology, Rhinology and Laryngology,
67, June 1958, p. 558.
. Dunn, H. K., The Calculation of Vowel Resonances and an Electrical Vocal
Tract, J. Acoust. Soc. Amer., 22, November 1950, p. 740.
. Schott, L. O., An Electrical Vocal System, Bell Lab. Record, 28, December
1950, p. 549.
. Wright, G. M., U. 8. Patent No. 2,273,077, February 17, 1942.
Jones, W. C., Instruments for the New Telephone Sets, B.8.T.J., 17, July
1938, p. 338.
. Koenig, W., Dunn, H. K. and Lacy, L. Y., The Sound Spectrograph, J. Acoust.
Soc. Amer., 18, July 1946, p. 19.
10. Kersta, L. (., Amplitude Cross-Section Representation with the Sound
Spectrograph, J. Acoust. Soe. Amer., 20, November 1948, p. 796.
11. Egan, J. P., Articulation Testing Methods, Laryngoscope, 58, September
1948, p. 955.

-

© ®wN o -



