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MINIMUM INTENSITY FOR AUDITION

BY FREDERICK W. KRANZ

ABSTRACT

Minimum intensity of sound for audition for frequencies of z28 to 4,og6
p.p.s.—(I) Thermophone as source, The receiver was held to the ear like a tele-
phone receiver and was actuated by current from an oscillator, the threshold
intensity being calculated from the, corresponding current by Wente's formula.
Tests of I4 ears for frequencies an octave apart show logarithmic sensitivities
lying between the results of Wien and those of Fletcher and Wegel, the mean
values increasing from 5 for I28 p.p.s. to a practicallv constant sensitivity of
about 8.5 for the range 5Ia to 4,096 p.p.s. (2) Telephone receiver as source was
theri tried to see whether results nearer Wien's would be obtained. Two
methods of calibration of diaphragm amplitude as a function of current were
used, one involving the use of a microscope to magnify the motion of a qua. rtz
fiber attached to the diaphragm, the other amplifying the motion by means
of a rocker w'hich rotated a light mirror, both, however, involving extrapola-
tion from relatively large amplitudes to those of the order of Io ' cm. The
results for two listeners agreed in showing a somewhat lower sensitivity with
the telephone than with the thermophone as source, the energy ratio increasing
from about 2 for higher frequencies to 7 for I28 p.p.s. This difference may
be due to the extrapolation used in reducing the readings, The results of the
two methods show a much better agreement with each other than with the
results of Wien.

Suggested number scale for auCitory sensitivity. I.ogarithmic sensitivity is
defined as the log&0 (I/Jo), where Jo is the threshold intensity in ergs per cm'
per second. The advantages of such a scale are pointed out.

N a previous paper by the author ' a method was described by which
determinations were made of the minimum sound intensity necessary

for audition. The present paper is to give further results by this method
and to present check measurements by a second method.

I. THERMQPHoNE As SQURcE oF SQUND

The thermophone used consists of a thin strip of platinum foil about
0.0002 cm in thickness, mounted in a small telephone receiver case which
was held tightly to the ear of the observer, thus forming a closed cavity
containing the platinum strip and having the ear drum as one of the
boundary walls. The alternating current Aowing through the strip
causes periodic variations in the temperature of the strip, thus heating
the adjacent air, which periodically expands and produces pressure
changes in the cavity. Thus there are no moving mechanical parts.
The foil was also heated by a direct current of one ampere, the alternating

' Phys, Rev. I7, p. g84 (I92I).



current and direct current being kept separate by condensers and induc-
tance coils, the latter being about one henry each.

Because of the inefficiency of the thermophone, it was possible to
measure directly the alternating current going into the thermophone by
means of a thermo-couple and micro-ammeter, thus avoiding any un-

certainties in reduction calculations. A resistance equal to that of the
thermo-couple was placed in the line to keep the two sides of the electrical
circuit balanced, and similarly the condensers and inductances were

symmetrically placed as were the resistances used in the control of the
current. The circuit arrangements are shown in Fig. I.
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The thermophone as used was held tightly against the ear so it can be

regarded as producing pressure changes in a closed cavity, and the energy

may be calculated from these pressure changes if the wave-length of the

sound used is large compared to the dimensions of the enclosure. The
formula for the amplitude of the pressure change in terms of the constants

of the thermophone, as given by Wente, ' was used. For the temperature

and area of foil, volume of cavity, and the frequencies used in this

experiment, this foI'mula may bc consldcrably simp116ed.

It becomes

0.$'78Mj)'b
6p

r — — (ya)' + 8 (0«)' + 4(y(e) (««)
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~ Phys. Rev. I9, P. 336 (I922).
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and substituting the constants of the air and the platinum,

6.6 X Io' RJO I I 273 i/4

(273/9p)'"(I —.OOI8p) Vp Qf Op

0 6I3 273 / / 2

The quantities R, Vo, Io, and 00 depend on the particular thermophone

used and the amount of direct current used in it. The resistance R is

the resistance of the foil when heated with the direct current Io. In all

of the measurements made, the value of Io was kept at one ampere. By
means of a potentiometer arrangement in which the voltage drop across
the thermophone was compared with that in another circuit, it was

possible to determine the resistance of the foil with a current of a few

milliamperes Howing through it in which case the heating is inappreciable,
and also when the current was one ampere. This latter value was taken
for R, while the difference between the two values allowed the tem-

perature 00 of the foil to be calculated. The enclosed cavity Vo includes
the thermophone cavity and also the volume of the ear. The volume of
the former was obtained from the dimensions while the ear volume was
determined by placing the receiver cap of the thermophone tightly
against the ear and 611ing the ear with water through the hole in the
receiver cap. Thus the portion of the outer ear which actually con-
tributed to the enclosed cavity as used was correctly taken into account.
Substituting the values of R, Vp, Ip, and 8p gives 8P as a function of f
and i, the frequency and the alternating current.

In determining the limit of audibility, the thermophone was held

tightly to the ear under test by means of, a telephone head band, the
other ear being covered by a dummy head receiver. The experiments
were conducted in an isolated room, the walls and ceiling of which were
lined with felt, so that disturbing external noises were eliminated. A
second person opened and closed the alternating current circuit by means

of a knife switch, and this current was reduced in small steps until the
observer became uncertain in his judgments as to when the switch was

opened and closed. The value of the alternating current at this point
being read and the frequency being known, the corresponding pressure
change in the cavity was determined by means of the formula given.

It is conceivable that the pressure change in the cavity might be
diminished by the motion of the ear drum in response to the pressure on
it. It can be shown that the pressure change without taking the move-

ment of the drum into account should be multiplied by a factor which

varies from unity to o.75 as the elasticity of the ear drum is considered



576 FREDERICK 1K KRA NZ

to vary from ~ to. zero. It may be safely assumed, however, that the
elasticity is sufficiently large to make the correction negligible, especially
in view of the limits of accuracy of the determinations being made.

Although the determinations as made were of the values of the pressure
changes exerted on the ear drum necessary for audition, calculations
were made from these pressure changes of the intensities of the corre-
sponding free progressive waves for the sake of comparison. If such a
wave is reflected from a surface, the pressure changes exerted on the
surface are twice the pressure changes in the wave. However the ear
drum is at the end of a somewhat twisted 'canal, and the case is not that
of simple reflection, and the above factor of two will be reduced. The
irregularity of the canal does not allow an accurate calculation of the
pressure on the drum, but considering the fact that it has approximately
a uniform cross-section expanding but slightly just on reaching the drum

and that its length is considerably shorter than the wave-length of the
sound over the frequency range used, it seems that the intensities calcu-
lated from the observed pressure changes on the drum are not far from
those of such free progressive waves as would be just audible.

The intensity J of a free progressive wave having a given value of
pressure change may then be calculated from the formula J = (6p)'/2cp,
where c is the velocity of sound and p is the density of the air. In this
case, the expression will be of the form J = Cr'2/Lf', where C is a, constant
depending on the thermophone and other factors mentioned, and I. is

the quantity given in brackets in the expression for 6p. It may be noted
that l. is of the form t + A/ "/f + 8/f, where A and 8 are constants
depending on Oo and, as used here, A is of the order of unity and 8 is

of the order of o.6, so that L, is only slightly a function of the frequency f,
varying by less than co per cent over the range of frequencies used. Thus
the thermophone has an efficiency which is practically inversely propor-
tional to the cube of the frequency and this serves to minimize the effect
of harmonics in the alternating current supplied to the thermophone.

The results are given in terms of "logarithmic sensitivity, " which is

the logarithm to the base ro of the reciprocal of the necessary intensity
at the limit of audition, the intensity being expressed in absolute units,

ergs per square centimeter per second, Thus the high parts of the curves

represent the greater sensitivities and on the logarithmic scale equal
differences in height have much more nearly equal importance in audition
than if plotted on a linear scale, also small values are not obscured at the
bottom of the paper. This logarithmic sensitivity seems to be the most
logical way to express sensitivity. The numbers involved are small,

equal differences between numbers are of approximately equal impor
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tance, the large ranges of sensitivity encountered in normal and deaf ears
are easily expressed, and there is a very close connection with our absolute
system of units as used in physical measurements. It is not necessary
to give a name to the unit of sensitivity on this scale, as a "logarithmic
sensitivity of 6" or even "a sensitivity of 6 units" has a clear meaning,
once the system of calculation is understood.

The two ears even of the same individual have in general suAicient
differences to be easily distinguished. Fig. 2 shows the results of tests
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made at intervals of an octave from 128 to 4,096 p.p.s. for x4 ears, and
from this the variations between ears may be easily seen. ' A sensitivity
difference of g corresponds to an energy ratio of oooo, and variations of
this magnitude are found between ears of people who would be classed
as having normal hearing. The circles on this 6gure give the average

' The single figure of absolute sensitivity given in the author's previous paper does
not agree with the highest values shown in the present data because of the use of the
formula of Arnold and Crandall without the correction of the obvious error of a factor
of 02, the absolute temperature. Wente's formula also includes another slight correction.



values of sensitivity for the ears shown. For the sake of comparison,
Mien's ' curve obtained by the use of telephone receivers is shown in

the solid line. It is seen that the present results show a less sensitivity,
that is a greater intensity required for audition, than found by Wien.
The two sets of data agree in indicating a diminished sensitivity at the
lower frequencies, but the present data show a less variation of sensitivity
with frequency above 5I2 p.p.s. than indicated by Wien. The difference
in sensitivity between the two sets of data varies from one and one half
units to three units, the corresponding energy ratios varying from 3o to
Iooo. The dotted curve shows the averaged results of Fletcher and
%'egel, obtained fundamentally principally by the calibration of a tele-

phone receiver by means of a thermophone. This curve falls below the
average of the present results by a sensitivity difference of about one

unit in general, except at the lowest frequencies, the two curves coinciding

at I28 p.p.s.

Ir. TELEPHoNE REcEIvER As SoURcE oF 80UND

Because of the diAerence. between the results obtained by use of the
thermophone and those obtained by %'ien by use of a telephone receiver,

it was considered advisable to make determinations of minimum audi-

bility by means of a telephone receiver to parallel those of the thermo-

phone as a check.
For absolute determinations with a telephone receiver, the amplitude

of motion of the diaphragm must be found. At minimum audibility,

the motion is so small that it cannot be measured directly. The method

here used was to determine the relation between the diaphragm motion

and the voltage across the receiver for larger amplitudes and. extrapolate

this relation downwards to small values.
Two methods of measurement of the amplitude of the diaphragm mo-

tion were used. In the first one; a light thin rod of wood about the size

of a toothpick was waxed to the center of the diaphragm, the other end

being split into a fork across which was fastened a 6ne quartz 6ber.
The telephone receiver was so mounted that the motion of the 6ber

could be viewed by means of a microscope having a micrometer eye-piece,

and having such a magnihcation that one division of the scale in the

eye-piece corresponded to a distance of o.ooo87 cm. The telephone was

thus calibrated for amplitude of motion of the center of the diaphragm

per volt across the receiver for 6ve frequencies from I28 to I,536 p.p.s.
The arrangement used in this calibration is shown in Fig. 3. The voltage

across the receiver was calculated from the resistance and current in the

~ Wien, Archiv fur die gesamte Physiologic g7', pp. r-5p (I9o3}.
2 Fletcher and Wegel, Phys. Rev. r9, p. 55' (r922}.



circuit across which the receiver is shunted. After calibration, the
wooden stick with its fiber was removed from the diaphragm and an
equivalent weight in the form of a small piece of brass was put on, so
that the vibration characteristics would be maintained.
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The circuit with which the receiver was used in determining the limit
of audibility is also shown in Fig. g. The attenuator is an arrangement
of electrical resistances so adjusted that the diferent sections which can
be introduced into the electrical circuit attenuate the current passing
through by a definite known amount. A necessary condition is that the
attenuator be terminated in a constant resistance, this being 200 ohms
for this attenuator. As the impedance of the telephone receiver is neither
pure resistance nor constant with frequency, a special resistance unit
was made, consisting of a resistance of 6 ohms having connected to it on
either side, resistances of 9p ohms. The telephone receiver was connected
across the 6-ohm resistance, and since its impedance was large compared
to the 6 ohms, the whole combination had a resistance of essentially
2oo ohms, and this was connected to the output of the attenuator. The
impedance offered by the attenuator to the circuit into which it is con-
nected is 20o ohms regardless of the number of sections of the attenuator
being used. The current into the attenuator was measured with a
thermo-couple and a micro-ammeter, and the current output was easily
calculable from the sections of attenuation thrown into circuit.

A unit of attenuation may probably best be de6ned in terms of the
ratio of the electrical energy input to the electrical energy output, and
for many purposes the relation between energy ratio and attenuation
units may best be taken as a logarithmic one. So a unit of attenuation
will be dehned thus: n = logio m, where n is the number of attenuation
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units corresponding to an energy ratio of rn. Thus one attenuation
unit corresponds to an energy ratio of Io, two units to a ratio of Ioo,
four units to a ratio of Io,ooo, etc. The attenuator used has steps of
o.o25, o.o5, o.I, o.2, o.4, o.8, I.6, g.2, and 6.4, a total of I2.77$ attenuation
units, and thus energy ratios could be obtained and accurately known

from a change of 6 per cent to a ratio of about six trillion in steps of 6
per cent changes. Electrical energy being proportional to the square
of the current, current reduction ratios may be easily calculated from the
number of attenuation units used. Thus n/2 = log~o m', where n is the
number of attenuation units corresponding to a current ratio of m'.
The voltage across the receiver was calculated on the assumption that
all of the current output of the attenuator goes through the 6 ohms
which shunts the receiver. This assumption introduces an error of not
over 6 per cent at low frequencies, decreasing to about I per cent at
I,OOO p.p..s.

After calibration of the telephone receiver, measurements were made
on the ears of two individuals and the necessary voltage across the
receiver at the limit of audition was determined. The amplitude of
motion of the telephone diaphragm was found from the calibration de-
scribed above„and the pressure changes produced on the ear drum were

then calculated from the relation bp = poyh V(VO, where Vo is the voIume
of the cavity formed by the diaphragm and case of the receiver and the
ear, 6V is the volume change produced by the motion of the diaphragm,
and y is the ratio of the specific heats of air.

The second method of measuring the amplitude of motion of the dia-

phragm was by means of a mirror so mounted as to rotate by movements
of the diaphragm. In the erst system of this type tried, a small mirror
was fastened to a length of a hair spring from a watch and mounted in

such a way that motions of the diaphragm acted on a projecting point
on the back of the mirror, giving it a 'rotary motion. A line of light
reflected from the mirror and on to a scale of ground glass was then
broadened into a band of light corresponding to the amplitude of motion
of the diaphragm. The objection to this system was that there was an
uncertainty as to whether all of the motion imparted to the brass point
by the'diaphragm was taken up in producing rotation of the spring and
mirror system or whether part of it was taken up in producing vibrations
which of course would have no effect on the width of the reflected line of
light and so would not be measured.

Because of this objection, another mirror system was used, for the
suggestion of which the author's thanks are due to Dr. Max Mason.
A sketch of this system is shown in Fig. 3. A phosphor bronze wire of
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some stiffness was mounted to project from the center of the diaphragm
and this rested against one sharp edge of a small rectangle of steel,
another sharp edge being held against a copper block by the force exerted

by a slight bending of the phosphor bronze wire. This force was regu-

lated by adjustments of the position of the copper block which was

fastened to the receiver case. Thus movements of the diaphragm caused
the wire to rock the steel piece about the edge which rested on the copper
as an axis. A small mirror waxed on to the steel piece gave a broadening

of a reflected line of light just as in the other mirror system. The steel
piece was about I X r.5 mm in size. The great advantage of this system
is that it has no natural period of its own since it has no elastic force
separate from the diaphragm. The mirror and steel piece merely add a
little mass to the moving system, and should follow the motions of the
diaphragm faithfully. The sharpened edges of the steel piece make
grooves in the wire and in the copper block, and rock in these.

The relation between diaphragm motion and the width of the band of
light was found by use of a micrometer screw. The telephone receiver
used was so made that the portion back of the diaphragm, including the
pole-pieces, could be removed without disturbing the clamping of the
diaphragm, so the micrometer screw was mounted on a frame with the
clamped diaphragm, and the center of the diaphragm was deHected by
pushing it with the end of the micrometer screw and the resulting move-

ment of the line of light reflected from the mirror was noted. An

amplification of I,6oo was obtained, that is the motion of the line of light
as indicated by its broadening was l,6oo times the amplitude of the
diaphragm motion, the amplitude of motion of the telephone diaphragm
being determined in terms of the voltage across the receiver. With this
system, measurements were made on the sensitivity of the ear with the
receiver in the same condition as when calibrated, the mirror attachment
remaining in place. Tests were made at five frequencies between I28
and I,536 p.p.s.

A determination of sensitivity was made by the thermophone method
in each case just before making a measurement with the telephone

receiver, thus giving quite a direct comparison of the results by the two
methods. The results are tabulated below, S and K refer to two different
observers and R and L to the right and left ears. The first method is

that in which the diaphragm amplitudes were measured by means of a
microscope, and the second that in which the vibrating mirror was used.
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METHOD I

Frequency Ear

Sensitivity

Thermophone Telephone
(I) (2)

Difference in
Sensitivity
(I)-(2)

Energy
Ratio

I28. . . . . . . . S R
L

K R
L

5 44
557

4.96
5.I8

5.I2
4.62

433
453

0.32
o95

o.63
o.65

2.I
8.9

4,2
45

256. . . . . . . S R
L

K R
L

7.63
7.86

7 47
737

7.0I
6.72

6.4I
6,5I

o.62
I.I4.

I.o6
o.86

4,.2
I4

I I.5
72

SI2. . . . . . . . S R
L

768. . . . . . .

7.87
8.69

8,62
8.32

7 65
7.63

933
9 43

7 59
8.39

8.o9
8.39

7.7I
7.6I

905
9.I5

o.28
0.30

o 53—0.07

—o.o6
0,02

o.28
o.28

I.9
2.0

3.4
o.83

o.87
I.os

I.9I.9

I,536, . . . S R
L

K R
L

8.78
7.86

8.78
8.78

8.9S
795

8.7I
8.4I

—0.I7—0.09

0.07
0.37

o.67
o.83

I.2
2.4.

METHOD 2

Frequency Ear (K)
Sensitivity

Thermophone Telephone

Difference in
Sensitivity

Energy
Ratio

I28.

256 e ~ ~ ~ ~ ~ ~

5I2 ~ ~ ~ ~ ~ ~ ~ ~

64o. . . . . . . .

I )024 t ~ ~ ~ ~

36. .

R
L

R
L

R
L

5 45
5.28

7 53
732

8.58
8.48

9 24
9.24.

9.2 I
8.82

8.84
8.3

434
434

6.89
6.6I

8.3
8.I

8.6o
8.64

894
8.44

8.74
8.24

I.I I
o94

o.64
0.7 I

o.28
o.38

o.64
o.6o

0.27
o.38

0.Io
O. I I

I3
8.8

44
52

I.9
2.4

44
4.0

I.86
2.4.

I.26
I,28
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It is seen that the sensitivities obtained with the thermophone are in

general somewhat greater than those obtained with the telephone; that
is, the necessary energy for audition is less as measured by means of the
thermophone than as measured by means of the telephone. The two
telephone methods agree well in this. The ratio of the two measured
values of this energy is given in the last column. The averaged values
of these energy ratios follow.

Frequency: xa8 256 5rz 64o 768 r,o24 r,536
Energy ratio: 6.9 7.7 2.I 4.2 z.4 2.2 ?.3

The uncertainty in determining the limit of audition is greater at the
lower frequencies than at the higher, but mere uncertainty should not
make the ratios all larger, as is found to be the case.

It is seen that the telephone measurements agree with those obtained
with the thermophone in giving considerably lower values of sensitivity
than found by Wien.

DISCUSSION

As to the difference found between thermophone and telephone results,
in the latter measurements, the relation between diaphragm amplitude
and voltage across the telephone receiver was determined for amplitudes
down to about 6 X Io 4 cm, and this relation was used at the limit of
audibility where the amplitude of the diaphragm motion varied from
about Io cm for the lowest frequency to Io cm for the higher frequencies.
In the range where observations were possible, this relation was found to
vary somewhat with the amplitude, the variation being such that the
amplitude per unit volt was greater for the larger amplitudes than for
the smaller. This variation was not large but was found consistently
with both methods of measurement of the diaphragm ampli. tude, so it
may be possible that the extrapolation to the small amplitudes should
not be made linearly. This variation is in the right direction to explain
the difference in results between the telephone and the thermophone, for
if the telephone became loess and less efficient at lower amplitudes, it
would take a larger amount of electrical energy to produce a given motion
of the diaphragm than a linear extrapolation would indicate, and this
corresponds to a decreased sensitivity of the ear as measured with the
telephone, which is what is found if the thermophone be taken as a
standard. Also it may be that the statistical theory of condensations and
rarefactions in the propagation of sound impulses may not hold accu-
rately when the amplitudes of motion are as small as are here considered,
these being, for the higher frequencies, of the order of one thirtieth of the
diameter of a nitrogen molecule and about one ten-thousandth of the
mean free path of the molecules.
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The agreement between the values for the necessary energy at minimum

audibility obtained by the use of the thermophone and the telephone is

sufficiently close, however, to leave no uncertainty about the order of
magnitude of the sensitivity of the human ear.

It is recognized that tests of minimum audibility at a rather few

separated frequencies, do not justify any conclusions being drawn as to
the form of the curve of audition in the intervals between these frequen-

cies. A method has been developed which eliminates this uncertainty
and allows a complete curve of audition to be made. Many such curves
have been obtained and will be published soon.

Thanks are due to Dr. P. E. Sabine, Mr. B. E. Eisenhour and others
of the staff of the Riverbank Laboratories for mechanical suggestions
and cooperation and aid in obtaining the data here given.
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