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The configuration of external ears varies dramatically among mammalian species. In order to 
relate these structural differences to acoustic performance, it is useful to determine the 
"output" (radiation) impedance of the external ear. Measurements were made of the radiation 
impedance Zg of the cat external ear looking out from the location of the tympanic membrane. 
Freshly excised external ears were coupled to a calibrated sound source at the tympanic ring, 
and the resulting sound pressure at the source was measured. The Z• calculated from these 
measurements is masslike at frequencies below 2 kHz and approximately resistive above 4 kHz. 
The contributions of anatomically distinct sections of the external ear to Z E were assessed by 
measuring the impedance before and after surgical removal of the pinna flange and of the 
concha. Mean measurements of the lengths and cross-sectional areas of components of the 
external ear are used in a simple model that consists of a uniform tube and an exponential 
horn; the radiation impedance of the model shows many of the features of the measured ZE's. 
Measurements of the input impedance of the middle ear are combined with Z E to infer the 
diffuse-field absorption cross section •4nF, which is a measure of the cat's performance as a 
coupler of acoustic power. It is suggested that AnF is useful for across-species comparisons of 
the performance of external and middle ears. 

PACS numbers: 43.63.Hx, 43.63.Th, 43.20.Rz, 43.80.Lb 

INTRODUCTION 

It is generally accepted that the external ears are the 
primary pathway through which sound signals are coupled 
from the environment into the middle ear of mammals (e.g., 
Shaw, 1974; Blauert, 1983). The enormous interspecies 
variations in the size and shape of mammalian external ears 
represent adaptations to different lifestyles and environmen- 
tal needs (some of which may not be related to auditory 
performance t). Although measurements have been made of 
how the external ears affect the transmission of sound to the 

middle ear of various mammalian species (human: Shaw, 
1974; cat: Wiener et aL, 1966; Phillips et al., 1982; chinchilla: 
Von Bismark, 1967; Von Bismark and Pfeiffer, 1967; guinea 
pig: Sinyor and Laszlo, 1973; Drescher and Eldrcdge, 1974; 
mouse: Saunders and Garfinkle, 1982; bat: Lawrence and 
Simmons, 1982), the acoustic consequences of variations of 
external-ear size and shape have not been considered system- 
atically. The large range of structural variations provides a 
natural opportunity to learn how the acoustic function of the 
external ear is related to structure. 

To understand how external-ear structures affect acous- 

tic function, we need measures of function that separate dif- 
ferent aspects of the acoustic performance of the external 
ear, e.g., acoustic power collection and spatial selectivity, so 
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that each aspect can be compared across species. Also, we 
need methods of separating the effects of different structures 
on the acoustic-performance measures. Acoustic perfor- 
mance of external ears has most often been described in 

terms of the ratio of pressure magnitudes, 
IPr(•, O) I/IP•,w I --where IPr (•, 0) I, the magnitude of the 
sound pressure in the ear canal just lateral to the tympanic 
membrane, depends on the direction of the incident wave, as 
represented by the azimuthal and elevation angles, • and 0, 
and IPPw [ is the free-field sound-pressure magnitude of an 
incident uniform plane wave { Wiener and Ross, 1946; Wie- 
ner et al., 1966; Shaw and Teranishi, 1968; Sinyet and 
Laszlo, 1973; Shaw, 1974; Mehrgardt and Mellert, 1977). 
Although this pressure ratio is a useful description of the 
operation of the ear as a sound receiver, for some purposes 
other measures are needed. ( 1 ) The pressure ratio depends 
on both the external and middle ears as well as the head2; 
methods are needed to separate the effects of these structures 
so that functional features can be related to particular struc- 
tural features. (2) The ratio, by itself, does not determine 
power absorption by the middle ear. (3) The pressure ratio 
does not separate the spatial selectivity of the external ear 
from its power-collection performance. 

Knowledge of the radiation impedance (or output im- 
pedance) of the external ear Z• helps overcome these short- 
comings. Although this impedance, which is observed by 
"looking out" through the external ear from the tympanic 
membrane ( Fig. 1 ) has been determined for models of the 
human ear (Siebert, 1970, 1973; Shaw, 1976, 1982; Kuhn, 
1979; Schroeter and Poesselt, 1986), few measurements for 
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FI(3. 1. A schematic cross-section through an ear that illustrates Z•.and Z r 
as the acoustic impedanees "looking out" and "looking in," respectively, 
from a point in the ear canal just outside the tympanic membrane. The 
equivalent circuit includes two sound-pressure sources in series with ZE 
and Z r. The Th6venin equivalent pressure, PTa, for external sound sources 
is the sound pressure just outside the tympanic membrane when the mem- 
brane is blocked (i.e., Zr• oo ); PrE, the Th6venin equivalent pressure for 
internal sources (e.g., otoacoustic emissions) is the sound pressure just out- 
side the tympanic membrane when the ear canal is blocked (i.e., ZE • oo ). 
The net pressure at the tympanic membrane produced by both external and 
internal sources is PT. 
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FIG. 2. A schematic representation of a cat external ear coupled to the im- 
pedance-measurement system. The thick dashed lines separate the three 
components of the external ear, the Pinna flange, cancha, and canal. The 
strings, which supported the ear, were attached to a rigid frame. Compo- 
nents of the impedance-measurement system are labeled. The acoustic resis- 
tor (Knowles •BF-1923) has a nominal resistance of 470 inks acoustic 
MI•. The electret microphone is a Knowles EA-1842, and the earphone is a 
Bruel & Kjaer condenser microphone (•4134). The inset shows the con- 
nection between the tympanic ring and acoustic system in more detail. The 
adapter fit snugly to a bony flange around the medial side of the tympanic 
ring. The dotted line near the opening of the probe tube shows the position 
of the tympanic membrane before it was removed. 

real ears of any species (Rosowski et al., 1986; Dear, 1987) 
have been reported previously. In this article we report mea- 
surements of Ze in cat. 

Knowledge of ZE enables several useful computations. 
( 1 ) Since Z e is the output impedance of the external ear, we 
can use it with measurements of the input impedance of the 
middle ear Z r (Fig. ! ) to determine the effects of each im- 
pedance on sound pressures in the ear canal caused by both 
external and internal (e.g., Zurek, 1985) sound sources. (2) 
Through the reciprocity principle, we can use Ze to deter- 
mine the spatial average of the pressure ratio at the blocked 
tympanic membrane (Siebert, 1970, 1973; Shaw, 1976, 
1988). (3) The reciprocity principle also allows us to deter- 
mine the diffuse-field absorption cross section ADv (a mea- 
sure ofthe effectiveness of the ear in collecting acoustic pow- 
er) from measurements of Ze and Zr (Shaw, 1979, 1988; 
Shaw and Stinson, 1983). This power-collection perfor- 
mance can be compared with that of an ideal receiver. Final- 
ly, we suggest an approach that may make it easier to obtain 
measurements from a variety of species, so that the acoustic 
behavior of a wide range of external-ear configurations can 
be compared. 

I. METHODS 

A. Preparation of the external ears 

Most of the measurements presented in this article were 
made in six freshly excised ears from three cats. Each cat was 

anesthetized, and the muscles surrounding the external ear 
were detached from their insertions so as to expose the carti- 
laginous ear canal and its attachment to the bony tympanic 
ring. The animal was then sacrificed and the bone around the 
tympanic ring was chipped away so that the intact ring re- 
mained attached to the ear canal. The tympanic membrance 
was removed. 

The first ear excised from each cat was immediately 
{within 20 rain) suspended by strings in a support frame, 
and a tubular adapter was used to connect the roedial side of 
the tympanic ring and the impedance measurement system 
(Fig. 2). The adapter was fashioned from nylon ("heat- 
shrink") tubing so that it fit snugly around both the circular 
output port of the sound system on one end and the elliptical 
bony ridge of the tympanic ring on the other end. The 
adapter provided an acoustically tight and mechanically se- 
cure coupling between the tympanic ring and the sound 
source. Since the cartilaginous walls of the external ear 
maintain their shape after excision, it was relatively easy to 
suspend the ear in its "natural position" on the support 
frame. Control measurements indicated that the radiation 

impedance of the external ear was not sensitive to small mod- 
ifications in the suspension of the pinna or attachment to the 
sound source. After impedance measurements were made on 
the intact ear, the pinna flange (Fig. 2) was surgically re- 
moved, and the impedance was measured again. A third im- 
pedance measurement was made after removing the concha 
so that only the tubelike canal (Fig. 2) remained. The sec~ 
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end ear from each cat was excised while measurements were 

performed on the first ear. If necessary, the second ear was 
kept in refrigerated saline for a short time (30-60 rain ) while 
the measurements on the first ear were completed. 

B. Measurement of acoustic impedance 

The acoustic-impedance measurement method has been 
described previously (Lynch, 1981; Rosowski et al., 1984). 
The sound pressures produced by a high-impedance sound 
source in two "known" acoustic loads (a 5-mm 3 cylindrical 
cavity and an acoustic transmission line 3) were used to de- 
termine the Norton-equivalent volume velocity U s and im- 
pedance Z s of the sound source (Fig. 3). With the equiva- 
lent source parameters determined, measurements of sound 
pressure PL in unknown acoustic loads were used to deter- 
mine the acoustic impedance of the loads: 

Z L •--- (Us/P L -- l/Zs) -i. (1) 
The accuracy of the measurement technique was tested 

by measuring the impedance of several other "known" 
acoustic loads (Lynch, 1981; Rosowski et al., 1984). Two of 
these tests are illustrated in Fig. 4, which compares the mea- 
sured impedance of two loads (a circular opening in an "infi- 
nite baffle" and a rigid cylindrical cavity) with theoretical 
expressions for their lead impedances. There is good agree- 
ment between the measured and theoretical impedances; the 
difference in magnitude between measurement and theory is 
less than 10% for the baffle and generally less than 20% for 
the cavity measurement (at frequencies near the cavity-im- 
pedance minimum, the difference between measurement 
and theory is larger). The difference between the measured 
and theoretical angle is less than 0.01 periods for frequencies 
between 0.2 and 7 kHz. The range of the magnitude of the 
ear-canal radiation impedance (ZE in Fig. 4) is within the 

0.1 1.0 •0 o z 0J •.0 10 
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FIG. 3. Typical characteristics of the acoustic source determined from mea- 
suremeats in "known" loads. (a) The magnitude and angie of the equiva- 
lent source impedance Z s. For stimulus frequencies below I kHz, the im- 
pedance is primarily determined by the air volume within the source; above 
I kHz, the acoustic resistor (Fig. 2) decouples the air volume adjacent to 
the earphone diaphragm. The units of impedance magnitude are inks acous- 
tic megohms ( 11'1 = 1 Pa-s/m • = 1 N-s/m s). (b) The magnitude and angle 
of the normalized volume-velocity output Us/¾ of the equivalent source; P' 
is the voltage input to the carphone amplifier (nominal gain = 100). In this 
and all subsequent figures, measurements were made at 40 points per dec- 
ade and are connected by straight lines. 

range of magnitudes of the two test impedances, and our 
measurements of ZE should be as accurate as our measure- 
ments of the test loads. 

Some external- and middle-ear performance character- 
istics (see Sec. III) depend on the real part of the radiation 
impedance, Re{ZE} = IZl cos (zE angle). The accuracy 
of our Re{Ze} estimates is highly dependent upon the Z• 
angle and the accuracy of the angle measurements. When the 
angle is between + 0.1 periods--as Z E angle is between 2.5 
and 10 kHz (Figs. 4 and 6)--an error of 0.01 periods leads to 
an error of less than 5 % in the real part. The error in Re{Z• } 
is much larger as the angle nears + 0.25 periods; e.g., when 
the angle is 0.2 periods, the error in Re{Z•} is as large as 
25%. Because of this problem, we do not report measure- 
ments ofRe{ZE } when the angle of the impedance is close to 
+ 0.25 periods. 

To determine whether impedance measurements re- 
mained stable over the 2- to 3-h period required for all the 

1000- - 

E 

10- 

0.2 '= .2: 
• 0- 

• -.:2- 
0.2 

:::: THEORY 

__MEASURED 

1.0 10 

FREQUENCY (kHz) 

FIG. 4. Measuremeats of the acoustic impedance of test loads, including the 
radiation impedance of a round hole in a baffle, and the input impedance of 
a rigid cylindrical cavity. The baffle measurement was made with a 2-min- 
thick aluminum plate, 0.6 m 2 in area, coupled to the sound source so that the 
opening of the sound measuring probe tube was flush with the outer surface 
of the plate. For the frequency range of interest, the lead on the acoustic 
source with the baffle in place is the radiation impedance era massless pis- 
ton in an infinite baffle (Beranek, 1954, p. 118). The cylindrical cavity lead 
had a diameter of 4 mm (identical to the sound port's inner diameter), was 
10.5 mm long, and was machined to fit tightly to the impedance-measure- 
merit system. The solid lines are the measured impedances and the dashed 
lines are the theoretical impedances. The measured radiation impedance of 
a cat external ear Zs is also shown. In the angle plot, the dashed lines (theo- 
ry) are superposed on the corresponding solid lines over much of the fre- 
quency range. 
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measurements, repeated measurements were made on one 
ear over 6 h. Only small changes in Z• occurred during that 
time. The magnitude of the impedance at 0.5 kHz increased 
by less than 1%, and the frequency of the [Ze{ maximum 
( • 2.8 kHz) decreased by less than 2%. The largest changes 
in Z• occurred at frequencies between 5 and 10 kHz, where 
the average changes in Z• magnitude and angle were 12% 
and 0.02 periods, respectively. 

The measurements were made in a sound-insulated 

chamber (V6r et aL, 1975) with inside walls that are not 
particularly sound absorbent. The close match between the 
measured and theoretical "baffle" impedance (Fig. 4) indi- 
cates that room reverberations do not contribute significant- 
ly to the Ze magnitude and angle measurements. Also, 
since, at frequencies above 2 kHz, the relatively small real 
part of the "baffle" impedance is generally within 40% of the 
theoretical value for radiation into an infinite half-space, re- 
flections do not have a large effect on the re. al part measure- 
ments. Another test for possible influences of room rever- 
berations consisted of measurements made with and without 

heavy cloth curtains placed about halfway between the ear 
and the walls. The curtains had no measurable effect on the 

magnitude, angle, or real part of Ze. 

C. Frequency limits of Z; measurements 

Sound-pressure measurements were performed under 
computer control. Tone frequency was stepped from 0.01 to 
50 kHz at a density of 40 points per decade. Measurements 
were made with a fixed voltage into the earphone (the vol- 
tage was chosen so that the largest pressures produced were 
about 70 dB SPL, Fig. 5). With constant earphone voltage, 
the source volume velocity is smallest at low frequencies 
[ Fig. 3 (b) ], where the impedance magnitude of the external 
ear is also small. Consequently, the sound pressure produced 
at frequencies below 0.2 kHz were too small to measure ac- 
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FIG. 5. The m•sur• •und-pr•sure m•gnitud• • to compute tbe ra- 
diation im•dancm of the six external •m are •m•r• with the no• 
fi•r o•the m•s:rement system obtain• with the pro• tu• plugg• with 
plasti•ne. •e vol•ge into the •rphone d•ver amplifier (nominal 
gain = I •) w• 4.• mV rms. Below O. 1 kHz, the pr•ures m•sur• in the 
•r canM a• not plotted •au• th• are indistinguishable from the 
piu• m•surements. All m•surements were made with the •id of• tun- 
able 2-Hz "t•king filt•." 

½urately (i.e., pressure magnitudes were within 10 dB of the 
noise floor, Fig. 5). Therefore, we present results only for 
frequencies above 0.2 kHz. 

The high-frequency measurement limit results from 
nonuniformities in the sound presure in the ear tube. In cal- 
culating the radiation impedance of the external ear from a 
pressure measured at a point near the tympanic ring, we 
assume that the measurement is representative of the pres- 
sure averaged over the entire canal cross section. As has been 
discussed by Stinson (1985), this assumption is valid only 
below some high-frequency limit. An empirical determina- 
tion of this limit was made with the aid of a "movable" probe 
tube. With an excised canal attached to the measurement 

system, a separate high-impedance probe-tube micro- 
phone--mounted on a micromanipulator--was inserted 
into the canal through a small hole in the tubular adapter 
(Fig. 2). The micromanipulator was used to move the probe 
transversely through the center of the canal from one wall to 
the other. The axis of probe motion paralleled the plane of 
the tympanic ring and came near the opening of the "station- 
ary" probe tube of the acoustic system. Sound-pressure mea- 
surements were made at six locations within the cross sec- 

tion of the canal (inset of Fig. 6). The position of the 
movable probe had little effect on pressures measured with 
the stationary probe. Normalized measurements from the 
movable probe are shown in Fig. 6. At frequencies below 10 
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FIG. 6. Normalized sound pressures measured with the movable acoustic 
probe. Seven pressure measurements were made in the plane of the station- 
ary probe tip of the impedance measurement system along a line perpendic- 
ular to the long axis of an attached canal. The measurement locations are 
schematized in the inset. The tympanic ring and the adjacent adapter are 
elliptical with a long axis of about 7 min. The stationary probe of the imped- 
ance measurement system is in the center of the ellipse. Each symbol desig- 
nates a different measurement. The first measurement of the series, •, was 
made with the probe about 0.5 mm inside the edge of the adapter. The next 
five measurements were made after inward steps of I mm in probe position 
and the last measurement, El, was made after a step backward of 2 min. The 
six curves show the pressure measured at six locations, normalized by the 
first pressure measurement made at the center, X. The irregularities at the 
lowest frequencies result from the decreased signal-to-noise ratio at those 
frequencies (Fig. 5 ). The dashed vertical line marks 10 kHz, the frequency. 
above which differences in magnitude of more than 3 dB occur. 
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kHz, the variation in pressure magnitude across the ear ca- 
nal is less than 3 dB, and the variation in pressure angle is less 
than 0.02 periods. Because of the larger deviations in the 
pressure at higher frequencies, we report impedance mea- 
surements only for frequencies below 10 kHz. 

D. Castings of the canal and concha 

The structure of the cat's external car is complicated, 
with ( 1 ) a sharp bend in the cartilaginous ear tube 4 at the 
canal-concha border, (2) abrupt changes in cross-sectional 
area, and (3) knobs and valleys on the inner and outer sur- 
face of the concha where the muscles that control pinna 
movement insert. To describe the configuration of the ear 
tube, each of the surgically separated canals and conchas 
was filled with a silastic casting material immediately after 
the impedance measurements were made. After the silastic 
had cured, the castings were removed. Most of the anatomi- 
cal measurements we report were made from these castings. 

II. RESULTS 

A. External-ear dimensions 

We divided the cat's external ear into three parts [ Fig. 
7(a); footnote 5]. The most peripheral component, the 
"pinna flange," was separated from the rest of the ear with a 
horizontal section at the inferior edge of the ear opening. The 
"concha" was separated from the more roedial '*canal" with 
a vertical cut at the point where the cartilaginous tube bends. 

PO•TERIOR• 

PIEDIRL SUPERIOR 

(b) (c) ERR 2L 

A • A5 
• 25 turn i 

FIG. 7. Illustrations of external-ear anatomy and dimensions. (a) A per- 
spective presentation of the three components of a right external ear show- 
ing the pinna flange, concha, and canal slightly displaced from each other. 
The lighter shading represents the planes of the observable openings of the 
three tubes. The darker shading represents planes hidden from view. In the 
pinna flange, there is a region ofoverlap of dark and light. The notch in the 
concha is a regular feature; a muscle normally inserts at this location. (b) 
Definition of the measured areas and lengths ofthe canal and concha ( Table 
I). (½) Representative cross sections of the canal, concha (from ear 2L), 
and pinna-flange openings. 

This is also the location of a natural "joint" in the tube; 
peripheral to this joint, the cross-sectional area of the tube 
increases rapidly. 

At the junction between the canal and concha [A.• in 
Fig. 7(b) and (c) ], the cross section of the canal is oblong in 
shape, with the short axis horizontal. The cartilaginous ear 
tube easily flexes about the vertical axis of this canal-concha 
joint, which allows the concha and pinna flange to rotate so 
that the cat can change their spatial orientation with respect 
to the head. 

Four measurements of linear dimensions of the canal 

and concha molds were made with calipers [Fig. 7(b) ]: L], 
the minimum distance between the medial and lateral ends 

of the canal; L2, the maximum canal length; L 3, the chord of 
the shorter arc of the concha; and L4, the chord of the longer 
arc. With a camera lucida, magnified (5 X ) outlines of the 
fiat surfaces of the ends of the molds were made [ Fig. 7 (c) ] 
and were used to estimate areas. Four areas were measured: 

A•, the area of the opening of the canal at the tympanic ring; 
A2, the minimum cross-sectional area of the canal; A> the 
cross-sectional area at the canal-concha boundary; and A4, 
the area of the concha opening. Estimates of the area of the 
pinna-flange opening, A s, were made from metal castings of 
ears from two other cats (Wiener etal., 1966). The results of 
these measurements, which are summarized in Table I, show 
some features in common with Shaw's ( 1974, p. 478) mea- 
surements of cat external ears and are used later in our devel- 

opment of a model of the external ear. 
Repeated measurements of the same anatomical struc- 

tures indicated measurement errors of as much as 10%. 

These relatively large errors result from subjective estimates 
involved in all of the anatomical measurements including the 
precise locations of planes of section and the definition of 
minimum and maximum dimensions. 

The three cats were selected for their different body 
weights ( 1.9, 2.9, and 3.7 kg), and we looked for correlations 
between weight and the anatomical measurements. Only A• 
was significantly correlated (correlation coefficient of 0.9) 
with weight. 

TABLE !. External-ear dimensions: Mean cross-sectional areas and lengths 
[see Fig. 7(b) and (c) for definitions]. 

Cross-sectional areas (ram 2) N Mean ñ s.d. ModeP '• 

Ai, Canal, medial opening 6 40 A2, Canal, minimum 6 19 •- 20 (5) 
A3, Canal-concha boundary 6 37 
A4, Concha--pinna-flange 

boundary 6 232 ñ 38 205 (16) 
As, Pinna-Flange opening 2 1265 ñ 292 1280 (40) 

Lengths (mm) N Mean ñ s.d. ModeP 

L, Canal, minimum 6 9.5 ñ 1.3 • L•, maximum 6 18.9 ñ 1.5 14.5 

2.9 • L•, Concha, minimum 6 12.9 4- 25 
L4, maximum 6 25.4 ñ 1.7 

The model, which is made up of a cylindrical tube and an exponential horn, 
is described in See. I11. 

bThe diameter (in ram) is in parentheses. 
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FIG. 8. The radiation imped- 
ance, magnitude, and angle of 
the six external ears from three 

cats. The units of impedance 
magnitude are mks megohms. 
Features of these measure- 

ments are presented in Table 
1I. 

B. Radiation impedance of the external ear ZE 

The magnitudes and angles of the radiation impedances 
of six external ears are illustrated in Fig. 8, and features of 
these measurements are tabulated in Table II. Despite differ- 

ences in animal size, the six ZE's are very similar; the range 
of the magnitudes and angles over the 0.3- to 2.35-kHz range 
is less than 20% and 0.05 periods, respectively. At frequen- 
cies below 2 kHz, ZE is masslike, with a magnitude propor- 
tional to frequency and an angle near 0.25 periods. The mag- 
nitude pf the impedance at 0.5 kHz (IZEIo. skH•) varies 
between 4.1 and 4.6 MR. At frequencies above 4 kHz, ZE is 
approximately resistive with a roughly constant magnitude 
of • 30 Mf• and an angle near 0. In the middle-frequency 
range, each IZEI has a maximum near 2.6 kHz (fro,x), a 
minimum near 3.2 kHz 0emi,), and the angle varies between 
0.25 and -- 0.1 periods. The most variable features of the 
curves are the maximum impedance magnitude (I Z [m• ), 
which ranges from 65 to 114 Mf•, and the Q3 aa of the maxi- 
mum (Qman) which ranges from 4.9-14.3. 

Correlation coefficients were computed between the 
features in Table II and animal weight. The features 
that describe the impedance maxima and minima 

I .... Qm,•, and frei, ) all show a tendency to corre- 
late negatively with body weight (with correlation coeffi- 
cients of 0.76, 0.74, 0.80, and 0.85, respectively). However, 
only the correlation between weight andf,,i ,is significant at 
the 5% level. 

TABLE II. Features of the radiation impedance ZE: Measurements and model. 

Ear ß 

IR IL 2R 2L 3R 3L Mean + s.d. Model b 

Intact ear 

[Z [05 kHz (M•) 4.2 4.6 4.2 4.5 4.1 4.2 4.30 ñ 0.20 4.9 
]Z],•,• (Mf•)' 65 85 85 63 95 114 84.5 ñ 18.8 222 
f,,• (kHz} • 2.53 2.67 2.61 2.52 2.71 2.70 2.62 + 0.08 2.87 
Q,•o 6.2 9.3 8.8 4.9 11.2 14.3 9.12 ñ 3.39 14.2 
f•i, (kHz) • 3.19 3.21 3.21 3.22 3.36 3.38 3.26 ñ 0.08 3.62 

Canal and concha 

IZ}0.$knz (Mft) 4.2 4.4 4.4 4.5 4.0 4.2 4.28 ñ 0.18 4.8 
I Z I• (M.Q,) 195 140 192 193 177 145 173 ñ 25.0 1134 
f,,•,,, (kHz) 3.22 3.22 3.00 3.26 3.26 3.35 3.22 ñ 0.12 3.20 
Q,,..,• 14.0 12.6 12.6 12.9 13.0 9.1 12.4 ñ 1.68 56.1 
f,,,.(kHz) 4.35 4.12 4.11 4.35 4.35 4.34 4.27 ñ 0.12 4.89 

Canal only 

IZlo.•km (Mf•) 3.0 3.2 3.0 3.2 2.9 3.0 3.05 ñ 0.12 3.1 
]ZI•.• (Mfl) 301 230 375 286 344 398 322 ñ 62.1 1533 
f,,,,, (kHz) 5.51 5.55 4.87 5.08 5.46 5.73 5.37 ñ 0.33 5.39 
Q,,• 13.4 9.3 17.0 11.4 14.0 15.3 13.4 + 2.75 62.5 

"Cats 1, 2, and 3 weighed 2.9, 3.7, and 1.9 kg, respectively. 
bThe mode/is the concatenation of a cylindrical tube and an exponential horn and is described in See. III. To better describe the sharp minima and maxima 
observed in the model responses impedance, calculations were made at a density of 200 points/decade. 

•The maximum magnitude of the impedance ]Z[,,,, and the frequency of the maximum f,,• were defined by interpolation from each magnitude versus 
frequency data plot. The impedance maximum was assumed to lie between the two largest magnitude values (which were always consecutive). A line was 
defined by the two points on the low-frequency side of the impedance maximum; a second line was defined by the two points on the high-frequency side. The 
intersection of these lines defined [Z ]•,,• andfm,•. 

aTbe Q's were calculated using the interpolated f,,,, and bandwidths at 3, 4.8, and 7 dB below the interpolated ]Z[•.,; Q•,.• = (Q•aa 
+ 2 •/: Q_sgaa + 2Q?oa )/3 (Guinan an.d Peake, 1967). 

•The frequency of the minimum magnitude of the impedance that follows the maximum f• was defined by the intersection points of lines defined by the 
four data points around the minimum. One line was defined by the two points on the low-frequency side. The second line was defined by the two points on the 
high-frequency side. 
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C. Effects of the configuration of the external ear 

The freshly excised external ear is rigid enough to main- 
tain its normal shape during the measurements. The config- 
uration of the cartilaginous ear tube is most easily altered by 
rotating the pinna flange and coneha about the canal-con- 
cha "joint" (A; in Fig. 7). This rotation approximates the 
most prominent motion of the concha and pinna flange when 
cats move their pinnae. 

In order to assess the sensitivity of ZE to variations in 
the configuration of the external ear, we introduced system- 
atic variations in the flexure of the canal-conchajoint. In our 
experimental arrangement, the ear was supported both by 
the acoustic assembly coupled to the tympanic ring and by 
strings that attached the pinna to a rigid frame ( Fig. 2). The 
pinna flange and concha were moved relative to the canal by 
rotating the supporting frame relative to the acoustic assem- 
bly [Fig. 9(a)-(c) ]. 

Measurements made before and after changes in the 
configuration of the external ear [Fig. 9(d) ] show that Z E is 
not greatly affected by rather large rotations in either direc- 
tion, but an asymmetry is apparent in the magnitude of the 
changes. Over most of the frequency range, IZE[ is increased 
somewhat by backward rotation but is little affected by for- 
ward rotation. Our interpretation of this result is represent- 
ed in the diagrams of Fig. 9(b) and (c). Backwards rotation 

FIG. 9. Effects of alterations in the configuration of the external ear. The 
sketches of parts (a), (b), and (c) show schematically how the configura- 
tion of the external ear was altered by the experimental rotation of the pinna 
flange and coneha. The view is of a right ear from above. The lines are a 
projection of the outline of the entire cartilaginous ear tube. The thinner 
lines would normally be hidden from view. The numbers label: (1) the 
acoustic assembly, (2) the canal, (3) the medioposterior edge of the con- 
cha, (4) lateropostcrinr edge of the pinna flange, and (5) the canal-coneha 
joint. The dotted line is the long axis of the canal and acoustic assembly. The 
position of the pinna flange was measured by the angle a between the plane 
of the pinna-flange opening and the long axis of the canal. The rotations 
illustrated in (b) and (c) were produced by rotating the frame that support- 
ed the pinna flange. The diagrams represent our impressions of the resulting 
distortion of the ear. The measurements in (d) illustrate the sensitivity of 
Z E to large changes in a (0*, 45 ø, and 80*). The normal and fortyard mea- 
surements are indistinguishable at most frequencies. 

of the external car visibly constricts the canal-concha joint 
["5" in Fig. 7(b) ] to a size where its impedance presumably 
becomes large enough to increase the total impedance of the 
ear tube. Forward rotation, on the other hand, makes the 
joint opening larger [Fig. 9(c) ], which presumably lessens 
an already small contribution of the joint impedance to Z•:. 
Similar rotation-induced changes were seen with all six ears. 

D. Effects of surgical alteration of the external ear 

Gross surgical alterations of the external ear produced 
changes in Ze that were similar in all six ears. Typical impe- 
dances measured after removal of the pinna flange and, 
again, after removal of the concha are illustrated in Fig. 
10 (a), and features of these measurements in the six ears are 
in Table II. Removal of the pinna flange (leaving the canal 
and concha) causes little or no change in the masslike low- 
frequency Ze of all six ears (the mean change in [ZL-I at 0.5 
kHz is less than 1%). However, large changes occur in the 
middle and high frequencies, which can be accounted for by 
an upward shift infr•x andf, i. and a dramatic increase in 
the prominence of the maxima and minima in [Z•- [. Also, the 
angle of ZL- after pinna-flange removal is far from 0 at most 
frequencies and changes rapidly with frequency near the fre- 
quencies of the magnitude extrema. The changes in the mag- 
nitude extrema and angles produced by pinna-flange 
removal suggest a large decrease in damping. Removal of the 
concha reduces the masslike low-frequency IZt•l by about 
30% and further increases the magnitude and frequency of 
the impedance maximum in each ear. 

The real part of ZE plays a key role in the performance 
of the external ear (see Sec. IIl). Figure 10(b) illustrates 
Re(Ze} in an intact and surgically altered ear. Differences 

(al (b) 

0.2 1.0 10 

FREQUENCY (kHz) 

-- INTACT 
--- CANAL & CONCHA 
• CANAL ONLY 

FIG. 10. Radiation impedance measured in one ear (2R), before surgical 
modification (intact}, after removal of the pinna flange (canal and con- 
cha), and after removal of the concha {canal only}. (a) Magaitude and 
angle of the impedance. (b) The real parts Re{Z•.}'s of lhe impedances 
calculated from the data in (a). As was discussed in Sec. I, the accuracy of 
real-part estimation deteriorates as the impedance angle approaches 0.25 
periods. The Re{Zt:}'s in (b} are only plotted at frequencies greater than 
the low-frequency limit above which lhey rise monotonically to their maxi- 
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in the Re{ZE)'s of the three external-ear conditions are 
readily apparent. In all conditions in the low-frequency 
range, Re{ZE} decreases rapidly as frequency decreases; the 
effect of the presence of the pinna flange and concha is to 
lower the frequency where the rapid decrease in Re{Ze) 
begins. The pinna flange also smooths out the rapid fluctu- 
ations of Re{Ze} with frequency that are observed when the 
pinna flange is removed. 

III. DISCUSSION 

A. Possible effects of the head and body on Z e 

Our measurement arrangement differs from the natural 
situation in that the external ear is removed from the head. 

Three lines of evidence argue against any large contribution 
of the head and body to the magnitude or angle of Ze over 
the frequency range of our measurements. First, measure- 
ments at frequencies between 0.2 and 2 kHz show little effect 
of pinna-flange removal on the magnitude and angle of 
[Fig. 10(a)]; it is unlikely then that the more remote head 
and body have a large effect in this frequency range. Second, 
at higher frequencies (above 2 kHz), the pinna flange and 
coneha impart a directionality to the ear that enhances the 
coupling of sounds from the anteroipsilateral direction to the 
tympanic membrane (Wiener et aL, 1966; Phillips et aL, 
1982). By the reciprocity principle, the radiation of sound at 
lhese high frequencies will be concentrated laterally and an- 
teriorly, thereby reducing the interaction of the head and 
body with the radiated sound. The third argument against 
any large head-and-body effects on Zœ comes from our mod- 
el analysis. The magnitude and angle of the radiation imped- 
ance of a tube-and-horn model of the cat external ear (de- 
scribed in the next section) are only moderately altered 
when the opening of the horn is surrounded by an infinite 
baffle. The baffle-induced alterations in ]ZE} are less than 
5 % at frequencies below 2. $ kHz, and are generally less than 
20% at higher frequencies (the largest change, a difference 
of 50% in [Z• ], occurs at the frequency of the maximum 
impedance magnitude). The effects of the head and body on 
Z E are likely to be smaller than the effect of such a baffle. 

Even though the effect of the head and body on the mag- 
nitude and angle of ZE is small, it is conceivable that they 
have larger effects on Re{Ze), especially at frequencies be- 
low 2 kHz, where the angle is near 0.25 periods, 
Re{Ze) • ]Z•], and large changes can occur in the real part 
without apparant change in ]ZE]. Our analysis indicates that 
placing an infinite baffle around the opening of a tube-and- 
horn model of the external ear increases Re{Z•) by a factor 
of 2 at frequencies below 2 kHz and has smaller effects on 
Re{Zr.) at higher frequencies. The effects of the head and 
body on Re{Z•) should be smaller than the baffle effect. 

B. Relationship of Ze to external-ear structure: A simple 
model 

Models for the acoustic behavior of the external car have 

generally assumed that the walls of the cartilaginous ear tube 
are effectively rigid, and, therefore, the shape of the tube 

determines its acoustic behavior (Wiener and Ross, 1946; 
Wiener etal., 1966; Shaw and Teranishi, 1968; Teranishi and 
Shaw, 1968; Hudde, 1983; Stinson, 1985). One way to test 
the validity of this assumption is to determine whether the 
dependences of Z E on frequency and structural modifica- 
tions (Fig. 10) are duplicated by the impedance of a rigid- 
walled model of the same shape. 

Since we have measurements of dimensions of the exter- 

nal-ear tube from each of our six ears, we tested whether 
interear variations in structure could be related to the inter- 

ear variations in Z e. For example, simple acoustic theory 
suggests a negative correlation between the length of the ca- 
nal and thef,,a x of the canal-only impedance measurement. 
The canal length should be approximately a quarter of the 
wavelength at this frequency. At the averagef.•a x , 5.37 kHz, 
,•/4 = 16.1 mm, which is between the mean values ofL • (9. $ 
mm) and L: ( 18.9 mm). However, we found no significant 
correlation between the individualf,ax's and either L•, L 2, 
or the mean of these lengths. The reasons for the lack of 
correlation are not clear; apparently, our length measure- 
ments are not completely accurate representations of the 
acoustic length of the canal. Possible reasons for the discre- 
pancies are: ( 1 ) The effective length of the canal is affected 
by the variations in the cross-sectional shape and area of the 
canal tube; (2) the silastic impressions we used in our mea- 
surements may not maintain the precise shape of the ear; and 
(3) as previously described, the anatomical measurements 
involve subjective judgments that lead to variations between 
repeated measurements of as much as 10%. These inaccura- 
cies, coupled with the relatively small interear variations ob- 
served in the impedance measurements, make it difficult to 
correlate ear structure and impedance. Because of this prob- 
lem, we have not tried to represent interear variations in our 
model. Rather, as this is a first step toward the determina- 
tion of the structural basis of the impedance measurements, 
we developed a model that is consistent with the average 
dimensions of the six external ears and has the main features 

observed in all of the impedance measurements. 
The model configuration consists of a uniform circular 

tube abutting an exponential horn [Fig. 11 (a) ]. This model 
has four parameters (the lengths of the uniform and expo- 
nential sections, area of the uniform tube, and the horn con- 
stant) that were chosen to be roughly consistent with the 
anatomical measurements of Table I and to fit the imped- 
ance measurements. The first step in the construction of the 
model was to fit the uniform tube to the canal's anatomical 

and impedance measurements. Then, an exponential horn 
was attached to the tube and the horn's dimensions were 

adjusted to fit both the impedances of the canal and concha 
configuration and the intact ear. The primary criterion used 
to judge the fit was the agreement of the frequencies of the 
impedance maxima. The second (almost equally important) 
criterion was that the cross-sectional areas of the model ap- 
proximate those of the ear. The third (and least important) 
criterion was the agreement between the low-frequency im- 
pedance magnitudes. A close fit was readily achieved 
between the tube model and canal-only measurements. With 
the model horns, it was difficult to fulfill the first two criteria 
without causing some disagreement in the third. 
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FIG. I I. Comparison of the measured radiation impedances of a typical 
external car (3R) with the theoretical impedances of a model consisting of a 
cylindrical tube and a finite exponential horn. (a) Cross section of the mod- 
el. The dotted lines separate the model into canal, conchs, and pinna-flange 
sections. The canal is modeled as a lossless uniform tube. The coneha and 

pinna flange are modeled as a lossless exponential horn. (All linear dimen- 
sions are m min.) S is the cross-sectional area of the horn. (b) Comparison 
of measurements and model for the radiation impedance of the canal only 
condition. (c) Comparison of canal and concha measurement and model. 
(d) Comparison for the intact ear. 

Consider, first, the uniform tube model of the canal- 
only condition. In Fig. 11 (b), the Z e for an isolated canal is 
compared to the radiation impedance looking through a 
cylindrical tube terminated with the radiation impedance of 
a circular opening with uniform velocity distribution. 6 The 
tube's length was fixed by the frequency of the impedance 
maximum, and the area was selected to yield the correct low- 
frequency mass. The resulting length (14.5 mm) is nearly 
equal to the average canal length, and the cross-sectional 
area of the model tube (20 mm 2) closely approximates the 
mean minimum cross-sectional area of the six canals (Table 
I). There is good agreement between model and measure- 
ment over most of the frequency range. However, the mod- 
el's maximum [ZeI and Q are much larger than the measure- 
ments' (the moders IZ I,•, and Q,, are 1533 Mll and 62.5, 
while the means of these features in the measurements are 

322 MII and 13.4, Table II). These large discrepancies indi- 
cate that the damping in the model is too small and suggest 
that, in the real canal, energy is lost through mechanisms 
that are not included in the model. 

In Fig. 11 (c), the Ze of a canal and concha is compared 

with the radiation impedance of the tube plus a "short" ex- 
ponential horn. • The length of the horn (25 mm) is about 
equal to the mean maximum length of the concha (Table I): 
the cross-sectional area of the horn throat (20 mm'-) is iden- 
tical to the area of the tube. The horn constant (0.093 
mm- • ) has been chosen to yield an area at the mouth of the 
horn (205 mm •), which is a little smaller than the mean area 
of the concha opening (Table I). The impedance of this 
model shows a pattern of maxima and minima similar to the 
canal and concha measurements, but the I Z Im• and Qman 
produced by the model are again much larger than those of 
the measurements. 

Figure 1 l(d) is a comparison of the radiation impe- 
dances of an intact external ear and a tube and longer-horn 
model. The area of the mouth of the horn ( 1280 mm •) is 
effectively identical to measurements of the pinna-flange 
area. The Ze's of the ear and model are slightly different in 
low-frequency magnitude and inf,,• (Table II), and both 
are approximately resistive at frequencies above the maxi- 
mum. However, the maximum magnitude and Q of the mod- 
el are again larger than those of the measurement. 

Thus a rigid-walled tube and exponential-horn model 
[Fig. 11 (a)] produces impedances that are similar to the 
measurements in many ways. The most prominent differ- 
ences appear to result from losses that are not included in the 
model. Possible sources of these losses are complexities in 
the shape of the ear that were not included in the model, 
nonrigid behavior of the external-ear walls, and viscous and 
thermal losses. 

C. Comparison of Ze and Zr for cat 

The effects of the middle ear on the acoustic perfor- 
mance of the external ear, and of the external ear on the 
performance on the middle ear, are determined by the input 
impedance of the middle ear Zr and the radiation imped- 
ance Z•. The equivalent circuit in Fig. 12 represents this 
interaction. The sound pressure at the tympanic membrane 
Pr can be represented as the sum of two components: 

Pr = (1 + Z•/Zr)-•Pra + (1 + Zr/Ze)-'Pre- 
(2) 

The first term on the right side ofEq. (2) is the component of 
Pr produced by external sound Sources and the second term 
is the component produced by internal sound sources (e.g., 
otoacoustic emissions). With excitation of the external ear 
by either external or internal sources, the ratio of the two 
impedances influences the resultant sound pressure at the 
tympanic membrane. 

The data in Fig. 12 show that the relationship of Ze to 
Z r is highly frequency dependent. At frequencies below 1 
kHz, [ZT[ is at least six times larger than [Z•[ 
(IZl > 61Z•l) and, therefore, the sound pressure produced 
at the tympanic membrane by external sound sources is rela- 
tively independent of small changes in Zr; i.e., Pr mPra. On 
the other hand, the component of Pr produced by sources 
within the ear is approximately proportional to Zs and can 
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FIG. 12. A comparison of the mean Z• of six ears (thin solid lines) and its 
real part, Re{Z•} (thin dashed line), from the measurements of Fig. 8, and 
the mean middie-ear inpu! impedance Z r (thick solid lines), and it real part 
Re{Z r} (thick dashed line), as determined by Lynch ( 1981 ). The Z r mea- 
surements were obtained in five ears with the middle-ear cavities opened 
widely. To correct for this cavity modification, the mean of the measure- 
ments was multiplied by the ratio Zr (intact cavities)/Zr (opened cavities) 
measured in a typical ear. The large sharp peak in JZrl near 4.5 kHz results 
from the middle-ear cavities. The equivalent circuit (same as in Fig. 1 ) rep- 
resents the dependence of sound pressure at the tympanic membrane Pr on 
Z• and Z r. 

be greatly increased if IZEI is increased by blocking the ear 
canal. The influence of ear-canal blocking on the magnitude 
of low-frequency otoacoustic emissions has been noted pre- 
viously (Kemp, 1979; Matthews, 1980; Rosowski et aL, 
1984; Fahey and Allen, 1986). Above I kHz, the magnitudes 
of the Zr and ZE are more nearly equal with IgTIIXEI at 
most frequencies, and the Pr's produced by either external 
or internal sound sources will be influenced by changes in 
either one of the impedances. 

The performance of the cat ear as an "impedance 
matched' can also be assessed from Fig. 12. The impedances 
at the tympanic membrane are matched when Z• and Zr are 
of equal magnitude and opposite angle (i.e., complex conju- 
gates). Below 1 kHz, the impedance magnitudes are very 
different and only a small fraction of the sound power avail- 
able from an external source enters the middle ear. In the 2- 

to 10-kHz frequency range, the impedances are more nearly 
matched and 30% to 100% of the available power enters the 
middle ear. This issue is addressed elsewhere in more detail 

(Rosowski et aL, 1986). 
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FIG. 13. The radiation impedance of a cat ear (3R), a physical model of the 
human external ear (thin solid line; Shaw, 1976), and a mathematical mod- 
el of the human ear ( thin dashed line; Siebert, ! 970, 1973). The impedance 
of the physical model, "the NRC model external ear," was measured with 
an impedance tube (Shaw, 1975, 1976, 1982); the model ear was mounted 
in a baffle. The mathematical model represents Z•. by the acoustic imped- 
ance looking out through two concatenated uniform tubes of different di- 
ameter. The opening of the larger outermost tube was flanged by an infinite 
baffle (Siebert, 1970, 1973). 

D. Comparison of ZE for cat and man 

Several investigators have estimated the radiation im- 
pedance of the human external ear. Shaw (1976, 1982), 
Kuhn (1979), and Schroeter and Piesselt (1986) measured 
the radiation impedance of physical models of the external 
ear, and Siebert ( 1970, 1973) used a simple analytical model 
of two uniform tubes representing the concha and canal to 
calculate Ze. The radiation impedance of all of these models 
of the human ear are similar. Shaw's and Sicbert's estimates 

are compared with the measured Z• era cat ear in Fig. 13. 
For frequencies belowf•,a•, all three curves have a masslike 
impedance. The larger impedance magnitude of the cat ear is 
roughly consistent with the differences in dimensions of ca- 
nals and conchas of the two species. At higher frequencies, 
the most striking difference between the cat measurements 
and human models is the greater prominence of the models' 
maximum and minimum IZEI. The wide range in magnitude 
between maximum and minimum suggests a lack of damp- 
ing in the human models and may reflect a difference 
between the ZE of real external ears and the models rather 
than an interspecies difference. The model we used to ap- 
proximate the cat ear also produces exaggerated extrema 
(Fig. 11). Furthermore, our measurements (Fig. 10) indi- 
cate that the pinna flange adds damping to the external ear. 
Sicbert's model did not include a pinna flange representa- 
tion, which may account for its relatively undamped Z•. 
Shaw's model includes a geometrically simple representa- 
tion of the pinna flange; a more complex representation 
might introduce more damping. 
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E. Radiation impedance and external-ear performance 

When Zz is measured with a sound source at the loca- 
tion of the tympanic membrane, the resulting sound field is 
radiat•}d in all directions. Through the reciprocity principle, 
ZE caa be related to the receiving properties of the ear (Sie- 
bert, 1970, 1973; Shaw, 1976, 1979, 1988). 

1. Mean-squam pressure r•tio •r 

The performance of the external ear has often been de- 
scribed (e.g., Shaw, 1974) in terms of the pressure ratio 
[PT (q•,O) I/[Pvw ], where Pr is the sound pressure at the tym- 
panic membrane and Pew is the sound pressure of an inci- 
dent plane wave propagating in a direction specified by the 
angles q6 and 0. The average of the square of this ratio over all 
source directions T•- is primarily determined by Zz and ZT: 

= r/R Re(ZE} -- , •rpc Z• + Zr I (3) 
where a is the hypothetical radius of the sphere over which 
the spatial average is computed (N.B.: the average is inde- 
pendent of a); •t is the sound wavelength; p is the density of 
air; e is the speed of sound; and r/R is the radiation efficiency 
of the external ear (presumably = 1 ). This relation is de- 
rived in Shaw ( 1976, 1988) for the case of diffuse-field s stim- 
ulation, and the basic result is also described by Siebert 
( 1970, 1973). 

Siebert (1970) pointed out that Eq. ( 3 ) implies a kind of 
conservation principle. Any modification of the acoustic en- 
vironment that increases [Pr(•,0)[/IPvw [ for some direc- 
tion, but does not alter Ze, must also decrease 
I Pr (•,0) ]/[Pew ] for some other direction. Examples of this 
type of alteration might include movements of the pinna rel- 
ative to the head (Calforal and Pettigrew, 1984; Middle- 
brooks and Knudsen, 1987) and changes in the size of the 
head or the position of the body. 

The relationship between Zg and T•r is simplified at low 
sound frequencies, where the sound wavelength ,t is much 
greater than the dimensions of the external ear and head. In 
this case, Zz is the radiation impedance of a "simple source" 
(e.g., Kinsler and Frey, 1962, p. 164) such that 
Re{Zg} = rrpc/(,t 2). The combination of this result with 
the assumption that •/• = 1 and the observation that 
IZrl• IZzl in the low-frequency range (Fig. 12) leads to 
T•- = 1 for low frequencies. This theoretical result is consis- 
tent with many experimental measurements of a near unity 
I Pr (q•,O) l/[Pew[ for all angles of incidence at low frequen- 
cies (see Shaw, 1974). 

We can also estimate T• by averaging the square of the 
magnitude of measured pressure ratios ([Pr (•,0)[/[Pew I)2 
made at many discrete azimuths •'s and elevations 0 's dis- 
tributed equally throughout space (e.g., Shaw and Terani- 
shi, 1968; Shaw, 1974, 1976, 1982; Chart etaL, 1986), such 
that 

r -- , (4) 
i I PPW 

where n is the number of source positions over which the 
measurements are averaged. 

Shaw (1976) estimated T• from measurements of Pt 
for 52 source locations distributed uniformly on a hemi- 
sphere around a model of a human ear in a plane baffle. He 
compared this computation to the prediction from Eq. (3) 
(assuming r/u = 1 ) using measurements ofZ E andZr made 
on the same model. The computed and measured results are 
very similar over the frequency range of the measurements 
(2-15 kHz ); with significant differences only at some maxi- 
ma. These small differences led Shaw to suggest that r/u is 
somewhat less than 1 (•0.8) for these conditions. Kuhn 
(1979), using measurements made with an anthropomor- 
phic manikin with external ears made from an impression of 
a human ear, has similarly compared measurements and cal- 
culations of T• and shows differences of 2 dB between the 
two. These data suggest that r/• >0.6. 

The curves in Fig. 14 allow a comparison of TT(T•) 
calculated either from Eq. (3) (with r/R = 1) using mea- 
surements of Zz and Zr or, from Eq. (4), with the 
IPT(,O)l/IP. w l measurements made at five different 
source directions by Wiener et al. (1966). Even though the 
sampling of the spatial dependence in the I Pr (•,0)]/IP•,• 
measurements is both sparse and nonuniform, the two 
curves are similar. One would like to use the differences be- 

tween the two curves in Fig. 14 to determine whether 
deviates appreciably from unity, but the shortcomings of the 
spatial sampling in the IPr(O,O)[/IPew I measurements pre- 
clude any conclusion about the loss of acoustic power within 
the cat external ear. 

2. Diffuse-field absorption cross section Ao• 

The efficacy of a receiver of radiation is often measured 
in terms of an "effective area" or "absorption cross section" 

-- FROM MEAN Z E AND z T MEASUREMENTS t • FROM MEASUREMENTS OF WIENER ET AL 

2O 

-o 

lO 

o 

0.2 1.0 10 

FREQUENCY (kHz) 
FIG. 14. A test of the consistency of our Z•: measurements and measure- 
ments of t•le external ear sound-pressure ratio. Calculations of the square 
root of the spatial average of the squared pressure ratio T t, obtained with 
( 1 ) Eq. (3) assuming */s = I and the Z•. and Z• data of Fig. 12, and ½ 2) 
Eq. (4) and measurements of external-ear pressure transformations (Wie- 
ner et aL, 1966, Fig. 4). With Eq. (3), model estimates of Re{Z•:} were used 
at frequencies below 2 kHz (the dashed portion of the curve). 
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defined as the ratio of power received to power per unit area 
in the incident wave. For a uniform plane wave incident on 
an ear, the absorption cross section A is a function of the 
direction of propagation of the incident wave, such that 

[ Pr(q•,O) [• Re{Zr} A Pe, IZl 2 (5) 
(e.g., Rosowski et al., 1986). Shaw (1979, 1988; Shaw and 
Stinson, 1983) has combined this concept with that era dif- 
fuse acoustic field and has defined the diffuse-field absorp- 
tion cross section ABE as the ratio of power delivered to the 
middle ear divided by the power density in the diffuse field: 

2 2 (4Re{ZE)Re{Zr) • 
AvE = •/R • •,' i-•-'•r]_, 'j' (6) 

The term in large parentheses on the right side of Eq. (6) is 
the ratio of the sound power delivered to the middle ear 
divided by the maximum power available; we call this quan- 
tity the power utilization ratio or PUR (Rosowski et aL, 
1986). When Z E and Zr are matched, PUR = 1, and, if 
r/R = 1, then A•p equals its theoretical maximum 

The measurements ofZ E and Z r for cat (Fig. 12) can 
be used to compute ApE, with the assumption that •/R = 1 
(Fig. 15 ). Since ZE and Z r differ greatly at low frequencies, 
but come close to matching above 2 kHz (Fig. 12),.4r• e is far 
less than ideal (<0.01,t 2/4rr) at frequencies below 1 kHz 
(indicating a large "mismatch" between Z• and Zr) and 
within a factor of 3 of the ideal at frequencies above 2.5 kHz. 

At 2.8 kHz, the frequency at which the cat's ear absorbs 
sound most effectively, the computed An• ( • 1200 mm 2) is 
nearly ideal and of a magnitude approximately equal to the 
area of the pinna-flange opening (Table I). This approxi- 
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FIG. 15. Diffuse-field absorption cross section ,4n• for cat and man calcu- 
lated from Eq. (6) (with the assumption that r/• - 1 ). The data of Fig. 12 
were used to define Z•. and Z T for cat. The thick dashed line delimits the 
low-frequency range in which the model estimate of Re{Z•} was used in the 
calculations (as in Fig. 14). The human ,4o• was calculated from Shaw's 
(1976) model measurements of Zn and Rabinowitz's ( 1981 ) and Hudde's 
( 1983 ) measurements of Z r. The thin dashed line is '•n•..,•,,• = '/- •-/4•r. 

mate equality of the peak ,4 oP and the area of the pinna- 
flange opening suggests a simple association of external-ear 
anatomy and physiology, but this association is not consis- 
tent with all of our data. [:or example, the Ao•'s computed 
from the Zffs measured after removal of the pinna flange 
and conchs (Fig. 10, Table II) are three to four times larger 
than the appropriate anatomical areas (Table I). (The peak 
Anv computed for the canal and concha condition is 700 
mm • compared to the average .44 of 232 mm 2, while the peak 
Ar)E computed for the canal only condition is 150 mm 2 com- 
pared to the average A• of 37 mm2.) Therefore, rules that 
relate receiver cross section to anatomical area have to be 

more complicated. These area computations also clearly il- 
lustrate that the cat pinna flange and conchs improve the 
power-collection capabilities of the ear as well as contribute 
to the ears spatial selectivity. 

Also included in Fig. 15 is a human AD• estimate calcu- 
lated from Shaw's (1976) model measurements of Z• and 
Hudde's (1983) and Rabinowitz's (1981) Z r measure- 
ments. This estimate of AnF for the human ear, which is 
similar to that reported by Shaw and Stinson (1983), is gen- 
erally lower than the cat estimate, has a peak at 45% of the 
theoretical ideal near 2.5 kHz, and comes closest to the ideal 
at 7 kHz. Comparison of the curves in Fig. 15 suggests that, 
between 2-10 kHz, the cat external and middle ear is a better 
collector of sound power than the human ear. However, it 
should be remembered that the estimate Of ADF is dependent 
on knowledge of Re{ZE), and we have suggested that esti- 
mates of ZE based on simple models of the external ear un- 
derestimate Re{Ze) and, therefore, will lead to underesti- 
mates ofA•v. 

F. Approaches to comparative measurements of 
external-ear performance 

The results that we have discussed here suggest ap- 
proaches to the measurement of acoustic behavior of the 
external ear that may make the collection and comparison of 
measurements across a wide range of species more practical. 
First, in comparisons ofexternal-ear function across species, 
performance as a power collector can be separated from spa- 
tial selectivity (Siebert, 1970, 1973; Khanna and Tonndorf, 
1978) by the use of the diffuse-field absorption cross section 
Anv (or the power utilization ratio), which can be deter- 
mined (assuming •/e = 1) from measurements of two 
acoustic impedances, Z• and Zr (see footnote 9). These 
measurements are independent of the source direction and 
do not require (apparently) an anechoic room. Knowledge 
of,4vv allows comparison of ears to each other and to an 
ideal receiver. A possible complication in this approach is 
that the radiation efficiency •/n must be known. This prob- 
lem would be alleviated if it can be demonstrated that r/n is 
generally close to one. 

Other measures such as a "directivity factor" (e.g., Ber- 
anek, 1949, pp. 647-561 ) or "optimal area" (Phillips et al., 
1982; Middlebrooks and Knudsen, 1987) might be used to 
assess spatial selectivity. These measures do not depend on 
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the middle ear (Hudde and Schroeter, 1980), and measure- 
ments could be obtained with the tympanic membrane 
blocked. Such a constraint could be experimentally helpful 
in theft directivity measurements need not be carried out on 
live animals. Indeed, an accurate physical model of the exter- 
nal ear and head would provide satisfactory results. The use 
ofsuc:h models would make measurements over many angles 
of incidence much easier, since the state of the "animal" 
would not vary. Also, the measurements could be made in 
well-controlled acoustic conditibns and structural modifica- 
tions could be made and reversed easily. 

We suggest that these approaches can expedite the col- 
lection and comparison of interspecies external-ear perfor- 
mance measurements. When such results are available, we 
can begin to relate the acoustic function of the external ear to 
the behavior of animals (Griffin, 1958; Batteau, 1967; Shaw, 
1974, 1982; Hefther et al., 1982; Lawrence and Simmons, 
1982; Blauert, 1983; Coles and Guppy, 1986). 
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•For example, the large pinna flanges of the external ears of rabbits and 
elephants are thought to play a role in thermoregulation (Hammel, 1968; 
Buss and Estes, 1971 ). 

2Relatively small effects of the torso and its covering have also been shown 
in humans (Burkhard and Sachs, 1975; Kuhn, 1977, 1979). 

3The cylindrical 5-mm 3 cavity was made of Plexiglas with an inner diameter 
2a of 4 mm and a length L of 0.139 mm. The cavity's acoustic input imped- 
ance was assumed to equal - jpc cot ( L•o/c ) /( •ra • ). The transmission line 
was a cylindrical copper tube with a 4.8-mm i.d. and length of 10.9 m, 
which was terminated with an acoustic resistor of an impedance equal to 
the tube's characteristic impedance. The input impedance of the transmis- 
sion line was assumed to equal its characteristic acoustic impedance pc/ 
(rra2). We have explored more complex models for the calibration impe- 
dances, which include losses caused by viscosity and heat conduction 
(White et al., 1980). Use of these 1ossy models would change the impe- 
dances reported here by less than 3% in magnitude and 0.01 periods in 
angle. 

4We use,, "cartilaginous ear tube" to refer to the walls of the air-filled passage 
of the exernal ear• 

SThe anatomieal nomenclature is similar to that used by Shaw (1974) to 
describe the human external ear. 

6The radiation impedance of the tube was determined by first calculating 
the radiation impedance of a circular opening at the end of a long tube 
where the area of the opening is equal to the tube's cross section (Beranek, 
1954, p. 123 ). In performing this calculation, we assume a uniform velocity 
distribution across the opening. This radiation impedance was then used as 
the terminating impedance of the cylindrical, lossless, uniform tube 
(Kinsler and Frey, 1962, eqn. 8.35). 

7The radiation impedance of a horn plus a tube was calculated by first deter- 
mining: the radiation impedance of a circular opening in a long tube of area 
equal to the area of the mouth of the horn. This radiation impedance was 
then used as the terminating impedance of a finite exponential horn (Ma- 
lecki, 1969, p. 469), and the impedance at the throat of the horn was calcu- 
late& Finally, the throat impedance of the horn was used to terminate a 

uniform tube (Kinsler and Frey, 1962, eqn. 8.35). These calculations as- 
sume that the tube and horn are lossless. 

Sin a diffuse field, "incoherent" sound sources are dispersed in space so that 
at any point in space the temporal mean of the square pressure that results 
from all the sources is the sum of the mean-square pressures produced by 
each source acting alone (see, e.g., Beranek, 1949, p. 645; Pierce, 1981, p. 
72. 

*"Source" and "load" impedances at locations other than the tympanic 
membrane may be equally useful for this purpose, e.g., the impedance look- 
ing in and out from the entrance of the ear canal (Hudde and Schroeter, 
1980). 
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