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Figure 2. Purely resistive case: pressure vs. flow (Newman and Fanger,
1974, p. 13).
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When impedance is high, flow is low and a given amount of energy can
be imparted to the system only under the impetus of high pressure. When
impedance is low, the same amount of energy can be imparted to the system
with proportionately low pressure (Newman and Fanger, 1974).

The purely resistive or in-phase condition represents sound flow
following sound pressure at all instances of time. The phase angle between the
peaks of the two is 0 degrees. The two curves differ only in amplitude. The
in-phase relationship results in maximum energy transmission and occurs only
in pure frictional systems where all of the energy in an incident sound wave is
absorbed by the system and none is stored. The ear manifests frictional
losses on rough surfaces and in joints, as well as energy absorption in the
cochlea. The ear is a dynamic system although, and also manifests energy-
storage characteristics which will be investigated now.

Pure loss-free storage. The two energy storage components of

impedance are ''stiffness' and "inertia."” Each results in an effect referred to

as ''reactance.’’ Reactance (XA) is the imaginary component of impedance and

is frequency dependent. In the case of the middle ear, acoustic energy may be
stored in alternately compressed or rarefied air in the canal and ear cavities
and in the elastic membranes. Reactance (XA) gives information about the
flexibility of the ossicular chain. As is the case with resistance, reactance is
measured in units called ohms ( ).

In the case of pure "stiffness, ' sound flow precedes the pressure wave

by 90 degrees and creates the stiffness-dominated impedance characteristic




called ''negative reactance' (—XA). The inertial or mass characteristic of
impedance is referred to as ''positive reactance" (+XA). Pressure leads

flow by 90 degrees. Flow is 180 degrees in phase opi)osition in mass and stiff-
ness while both are 90 degrees out of phase with resistance but in opposite
directions. Inertial effects rarely manifest themselves in middle ear measure-

ments because the mass of the middle ear components is quite small for the low

test frequencies employed, and also because the greater stiffness (negative

reactance, —XA) effects tend to nullify or overshadow the smaller inertial

effects which might otherwise be measureable. Further explanation of this
phenomenon will be entered later. It is important though to remember that
these two are 180 degrees out-of-phase with one another. Thus the net effect
in any system is the algebraic sum of the two and the appropriate symbol is
"X" (Grason-Stadler, 1972).

""Compliance' is the reciprocal of negative reactance (stiffness). As
the tympanic membrane becomes stiffer, compliance of the tympanic membrane
decreases and more energy is stored in the stretched tympanic membrane. In
the case of both stiffness and inertia, energy is stored briefly and returned to
the system. Figure 3 shows pressure vs. flow for the stiffness case.

At point A the pressure is positive and maximum. The tympanic
membrane is stretched to its fullest extent. At this point, energy flow is non-
existent. At point B pressure is 0 but changing in a negative direction at its
maximum rate, with maximum flow, but also in the negative direction. The

situation at points C and D is identical to that of A and B, except the polarities
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Stiffness case showing pressure vs. flow (Newman and Fanger,

1974, p. 15).
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are reversed. Peaks of flow lead peaks of pressure and in a pure stiffness as

illustrated, flow will lead pressure by one-quarter cycle or 90 degrees (Newman
and Fanger, 1974).

It is important to note again that net acoustic reactance is always the

algebraic sum of the mass reactance and the reactance at the lateral surface

of the tympanic membrane.

Combined friction and storage case. Consideration will next be given

to the combination of friction and storage. In the case of the ear, a portion of

the energy flowing into the ear canal is dissipated in friction and the remainder

is stored. Thus, the flow is neither exactly in phase with the pressure wave nor

90 degrees out-of-phase with the pressure wave as in the pure frictional and

pure storage cases examined previously. Rather as shown in Figure 4, the two
are separated by a phase angle between plus and minus 90 degrees (Newman
and Fanger, 1974).

Since the flow is neither exactly in-phase with the pressure wave, nor
90 degrees out-of-phase with the pressure wave, impedance components must
combine to account for all the frictional effects, the in-phase components and
all the loss-free storage effects, the 90 degree component. Resistance and
reactance combine into impedance exactly as the two legs of a right triangle
combine in the hypotenuse as described by the Pythagorean relationship

2

2 / 2
c=\a +b . Inthe case of impedance /Z/ = R2 + X, where Z represents

net reactance in ohms (Newman and Fanger, 1974).
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Figure 4.

Flow and pressure differ in phase by values between 0 degrees
or 90 degrees (Newman and Fanger, 1974, p. 16).




