
BAYERISCHE AKADEMIE DER WISSENSCHAFTEN 
MATHEMATISCH-NATURWISSENSCHAFTLICHE KLASSE 

SITZUNGSBERICHTE 

JAHRGANG 

1993 

MÜNCHEN 1994 

VERLAG DER BAYERISCHEN AKADEMIE DER WISSENSCHAFTEN 

In Kommission bei der C.H.Beck’schen Verlagsbuchhandlung München 



Physics of directional hearing in crickets 

by Axel Michelsen 

Institute of Biology, Odense University, DK-5230 Odense M, Denmark 

Introduction  

Man and most large animals can use two mechanisms for detecting 
the direction of sound incidence: the interaural difference in sound 
pressure caused by diffraction of sound by the body, and the diffe- 
rence in time of arrival of the sound at the two ears. Differences in 
sound pressure arise when the dimensions of the body (head) are 
above one-tenth of the wavelength of the sound. The frequency 
spectrum at each ear varies with the angle of sound incidence, and the 
spectra at the two ears are different for most directions. It is thus 
possible for the brain to estimate the direction to the sound source by 
comparing the sound spectra at the two ears. Obviously, this task is 
easier with broad-band sounds than with pure tones or narrow-band 
sounds. 

Sound travels in air with a velocity of ca. 344 m/s. In humans (head 
diameter ca. 17 cm), the maximum difference in the time of arrival at 
the ears is ca. 0.5 ms. We can localize long pure tones below ca. 1,400 
Hz by means of this mechanism, since there is a cycle-by-cycle follow- 
ing of the sound wave by the nerve impulses (phase detection). At 
higher frequencies, the time of arrival can be detected if  the sound is 
sufficiently modulated in amplitude or frequency content. 

So far, we have not defined a “large“ animal. The possible use of 
diffraction is not determined by the absolute size of the animal, but 
by its size relative to the wavelength of the sounds to be heard. For 
example, in moths exposed to the ultrasonic cries of bats, the two 
ears may experience a pressure difference of 10—20 dB (and even 30- 
40 dB in very large moths), which is more than sufficient for the 
purpose of determining the direction to the bat (Payne, Roeder and 
Wallman 1966). 
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A similar situation appears to exist in many bush crickets (Tettigo- 
niidae). The ears are in the thin front legs far away from the body 
surface. Diffraction does not (even at very high frequencies) provide 
a sufficient difference in the sound pressures at the external surfaces 
of the two ears. The bush crickets’ solution is to use a horn-shaped 
tracheal tube (a “hearing trumpet“) for transmitting sound to the ear 
from the surface of the body, where diffraction is causing much 
larger directional cues (Michelsen et al 1993a). The calling songs are 
typically carried by a broad band of frequencies above 10 kHz, where 
the hearing trumpet may have a gain of 5-10 times. The sound 
carried by the hearing trumpet therefore dominates the ear (i. e., the 
ear drum is driven by the sound pressure at its inner surface, and the 
sound at the outer surface does not play a significant role). The ears 
thus obtain the same (diffraction-based) directionality as if  they had 
been situated at the surface of the body. As we shall see, although the 
ears of crickets and bush crickets have many anatomical features in 
common (and a common evolutionary origin), they have exploited 
two widely different mechanisms for directional hearing. 

The situation in small animals 

In many hearing animals (e. g., insects, frogs, birds) the part of the 
body carrying the ears is 10 to 50 times smaller than the human head. 
A difference in the sound pressure at the two ears is available only at 
very high frequencies. For example, the wavelength of the calling 
song of many crickets and frogs is 5-10 times larger than the animal’s 
body, and only little difference in pressure is found at the ears during 
the calling song. 

Insects and other arthropods (spiders, scorpions) are able to process 
information about the onset of excitation in some of their sense 
organs. Spiders and scorpions receive vibrational signals through 
their legs, and they will  turn to the side from which they first receive 
a stimulus (Hergenröder and Barth 1983; Brownell and Farley 1979). 
Time differences of 0.2-1 ms are necessary, and these values corre- 
spond to those expected from the size of the animals and the propa- 
gation velocity of the signals. A male grasshopper listening to female 
song transmitted by two loudspeakers placed to its left and right side 
will  likewise turn to the side of the earlier signal when the songs are 
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time shifted by 0.5-1 ms (von Helversen and von Helversen 1983). 
However, the maximum time difference expected when the grass- 
hoppers are locating each other is only 20-30 ps, and there is no 
evidence that the insect central nervous system can use such small 
time differences as directional cues. 

Most small animals are obviously unable to determine the direction 
of sound by means of these two mechanisms. The solutions to this 
problem were first realized by Autrum (1940), who pointed out that 
the direction of sound waves is estimated by insects either by means 
of pressure difference receivers or by means of movement receivers. 

One obvious solution is to measure the direction of the oscillatory 
movements of the air particles. Insects do this by means of long, 
lightly articulated sensory hairs protruding from their body surface. 
Such movement receivers are inherently directional. In addition, 
their shape, articulation and the attachment of the sensory cell(s) may 
all contribute to the directionality (Tautz 1979). The main disadvan- 
tage of such hairs is their modest sensitivity in acoustic far fields. 
However, the movement component of sound increases more than 
does the pressure component when one approaches a sound source, 
and at close range the hairs may be as sensitive as pressure receivers 
or pressure difference receivers. 

Pressure difference receivers 

In a pressure difference (pressure gradient) receiver, the sound wa- 
ves reach both surfaces on the ear drum (tympanal membrane). In 
theory, this is possible in many animals, since the ears are often 
connected by an air-filled passage. Alternatively, the sound waves 
may enter the body and reach the inner surface of the tympanal 
membrane through some other route (e. g., a tracheal tube). Such 
potentially sound-transmitting pathways are known in several insect 
groups and in some frogs, reptiles, birds and even mammals. In most 
cases, various experimental evidence supports the notion that these 
ears function as pressure difference receivers (Lewis 1983). However, 
a proper physical analysis has to far been performed only in the 
cricket (Michelsen et al 1993b). 

The existence of an anatomical air space leading to the inner surface 
of the tympanum is a necessary prerequisite, but it does not automa- 
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tically create a pressure difference receiver with proper directionality. 
The sound has to arrive at the inner surface of the membrane with a 
proper amplitude and phase. In addition, the sound inside the animal 
should be affected in a suitable manner by the direction from which 
the sound reaches the outer surface of the animal. One complicating 
factor in the analysis is that the sound arriving at the inner surface 
may have entered the body through several auditory inputs (for ex- 
ample, through the other ear and through two spiracles in crickets; 
through the other ear and through the lung in frogs). 

The transmission of the sound to the inner surface of the tympa- 
num is often a function of frequency. In locusts (Michelsen 1971) and 
some birds (Hill  et al 1980) low-frequency sound is transmitted from 
one ear to the other with little attenuation. High-frequency sounds 
are attenuated, however, and the ear becomes a pressure receiver. In 
most animals the ears are at the surface of the head or body, and at 
high frequencies diffraction causes a difference in the sound pressure 
at the ears that is sufficient to provide a reliable directional cue. 

The air space leading to the back surface of the tympanum is often 
a part of (or connected to) the respiratory pathways. This may have 
undesirable consequences, since the large pressure fluctuations du- 
ring respiration may affect the ears. In grasshoppers the tympana 
may be displaced outside their linear range (so that Hooke’s law is no 
longer obeyed). This may affect the threshold for hearing and se- 
riously distort the frequency analysis (Michelsen et al 1990). Large 
displacements coupled with the respiration can also be observed in 
frogs (in which the middle ear cavity and the mouth are connected 
through a wide Eustachian tube). Obviously, a reduction of such 
effects may have been an important factor in the evolution of pres- 
sure difference receivers. The air-filled spongy bone connecting the 
middle ears in birds, moles and some reptiles would appear to be 
ideal in this respect. 

The cricket ear 

In contrast to many bush crickets, the crickets (Gryllidae) generally 
communicate at sonic frequencies, and their calling song is often a 
pure tone of ca. 5 kHz. Like the bush crickets, the crickets have their 




