





88 The Ear and Hearing

4.11, The Outer Ear

As commonly understood, the term ear usually applies to the salient,
convoluted appendage on the side of the head. This structure is the
pinna, and it surrounds the entrance to the external ear canal. Its main
function in man is to protect the external canal — although its directional
characteristics at high audible frequencies probably facilitate localization
of sound sources. (In some animals, the directional acoustic properties
of the pinna are utilized more fully.)

In man, the external ear canal, or meatus, is about 2.7 cm in length
and about 0.7 cm in diameter. Its volume is on the order of 1 cm?, and
its cross-section is oval-to-circular in shape with an area 0.3 to 0.5 cm?
(BExEsy and ROSENBLITH; DAvis, 1951). The meatus is terminated by a
thin membrane which is the eardrum, or tympanic membrane. The
membrane has the form of a relatively stiff, inwardly-directed cone with
an included angle of about 135°. Its surface area is on the order of
0.8 cm?. To a rough approximation, the meatus is a uniform pipe —open
at one end and closed at the other. It has normal modes of vibration
which occur at frequencies where the pipe length is an odd multiple of a
quarter wavelength. The first mode therefore falls at f=~c/4(2.7)x
3000 cps. This resonance might be expected to aid the ear’s sensitivity
in this frequency range. Measurements do in fact show that it provides
a sound pressure increase at the ear drum of between 5 and 10 db over
the value at the canal entrance (WIENER and RosS).

4.12. The Middle Ear

Just interior to the eardrum is the air-filled, middle-ear cavity which
contains the ossicular bones. The function of the ossicles is mainly one
of impedance transformation from the air medium of the outer ear to
the liquid medium of the inner ear!. The malleus, or hammer, is fixed
to and rests on the eardrum. It makes contact with the incus, or anvil,
which in turn connects via a small joint to the stapes, or stirrup. The
footplate of the stirrup seats in a port, the oval window, and is retained
there by an annular ligament. The oval window is the entrance to the
inner ear.

A sound wave impinging on the outer ear is led down the external
meatus and sets the eardrum into vibration. The vibration is transmitted
via the three ossicular bones into the inner ear. The acousto-mechanical
impedance of the inner ear is much greater than that of air, and for
efficient transmission of sound energy an impedance transformation (a
step up) is required. The ossicles provide such. First their lever action

1 This impedance transformation is important to the basic role of the middle ear;

that is, the conversion of an external sound pressure into a fluid volume displacement
in the inner ear (see Sec. 4.13).
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alone provides a force amplification of about 1.3 _(B)’EK]Z:SY, 1960). Thgt
is, a force applied to the hammer appears at the stirrup footplate multi-
plied by 1.3. Second, the effective area of the eardrum is mu_ch greater
than that of the stirrup, so that the ratio of pressure gpphed at tl}e
stirrup to that applied at the eardrum is essentially 1.3 times the ratio
of the effective areas of drum and stirrup. BEkEsy has measured this
pressure transformation and finds it to be on the order of 15:1.

The middle ear structure serves another important purpose, namely,
it provides protection against loud sounds which may damage the more
delicate inner ear. The protective function is generally assumeq to ‘be
served by two tympanic muscles —especially the tensor-tympani which
connects the middle of the eardrum to the inner region of the head.
Reflex contractions presumably attenuate the vibratory ampllt}lde of
the drum. BEkEsy points out, however, that voluntary contractions of
the tensor and changes in the static pressure of the meatus onl_y slightly
reduce the vibrational amplitude of the drum. The contractions con-
sequently can have only small effect in protecting again§t sound pres-
sures that extend over a wide range of magnitudes. This fact can be
established from measurements of the acoustic impedance at the drum.

In detailed studies on the mode of vibration of the ossicles, BEK]?SY
observed that at low and moderate sound intensities the stapes motion
is principally a rotation about an axis thrqugh the open “hoop” of.t'he
stirrup. The movement is illustrated in Fig. 4.2a. At sound intensities
near and above the threshold of feeling, the motion of the stapes changes
more to a rotation about an axis running longitudinally through the
“arch” of the stapes, as shown in Fig. 4.2b. In the latter mode, the
effective volume displacement is small because the upper-half of the
lootplate advances by about as much as the lower half recedes.. '

Contraction of the middle ear muscles increases with sound intensity,
so that the ossicles are prevented from bouncing out of cont_act gnd
causing excessive distortion at the high levels. This control of distortion

INCUS

Fig. 4.2a and b. Vibration modes of the ossicles. (a) sound intensitif:s below threshold
of feeling (b) intensities above threshold of feeling. (After BEKEsy, 1960)














