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The oscillation of particles in a medium is the ade- 
quate stimulus for specialized receptors. Such re- 
ceptors can be found in nearly all phyla in the animal 
kingdom. Specialized sensory hairs in arthropods are 
used here as an example to show conditions and 
limits of vibration reception in a medium. The use of 
this sensory capacity in biologically relevant sit- 
uations is shown on some well-known examples. 

The typical distance senses of animals are vision, 
olfaction, hearing and vibration reception. A special 
case of hearing and vibration reception is the de- 
tection of the oscillation of medium particles in a 
sound field. Since this sensory capacity is much less 
well known than "hearing" in its usual sense (re- 
ception of pressure variation in a medium [1]) its 
physiological and physical characteristics are consid- 
ered here in detail. 
Medium particles near a source of disturbance in an 
elastic medium are displaced and transmit this dis- 
placement to neighboring particles. The disturbance 
is thus propagated as a pressure variation (variation 
of the packing density of the molecules) through the 
medium. Pressure variation and pa r t i c l e  displace- 
ment are therefore strictly connected: pressure va- 
riation cannot occur without particle displacement. It 
is possible to distinguish between particle oscillation 
and pressure variation by using different recording 
systems [-2, 3]. A simple pressure-sensitive transducer 
consists of an air-filled chamber with massive walls, 
one of which is easily moveable by the pressure 
variations. Since pressure is a scalar quantity, the 
orientation of the chamber in the sound field is 
unimportant as long as the pressure across the dia- 
phragm is uniform, i.e., as long as the chamber is small 
in comparison with wavelength. By contrast, a dis- 

placement receiver must not be an obstacle in the 
sound field; it should be small and easily moveable 
so that it can faithfully follow the oscillation of the 
medium particles. Since particle oscillation is a vec- 
tor, a displacement receiver can have a directional 
characteristic of sensitivity, i.e., its response can de- 
pend on its orientation in the sound field. 
Both pressure variation and particle oscillation can 
be used by animals for detecting and localizing a 
sound source although the two parameters are not 
equally appropriate in every situation. The efficiency 
of a sound source in radiating sound pressure de- 
pends on the amplitude of vibration and on the 
relation of size of the vibrating structure and the 
wavelength of the produced sound. From the simplest 
sound source, a pulsating sphere (monopole, zero- 

,~r sound source) sound with a wavelength longer 
. . . . .  l 6 times the radius of the sphere is very poorly 
radiated [4]. 
Let us now consider a very common type of sound 
source: Flying insects often produce sound by their 
wingbeat. Although actually radiating as a dipole [5] 
an insect - e.g., a wasp - with 2 cm winglength can be 
approximately treated like a monopole with 2 em 
radius for frequencies up to nearly 3 kHz, which 
includes the characteristic wingbeat frequencies of 
nearly all insects (for explanation see [4-6]). However, 
the lower frequency limit for efficient sound-pressure 
radiation for a source of this site is ca. 2900 Hz (wave- 
length=2 - 6 =  12 cm). Therefore, this insect is an ex- 
tremely poor sound-pressure radiator. On the other 
side, air-particle displacement in the vicinity of the 
flying insect can reach remarkably large amplitudes 
(see below: Near Field) that is easily perceived by 
receptors sensitive to this kind of mechanical stimu- 
lation. 
Although this article concentrates mainly on 
medium-vibration reception by arthropods, this sen- 
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Fig. 1. Organs sensitive to air-particle vibration. (a, b) 
Antennae of a male of Aedes aegypti ((b) courtesy of 
H. Risler and K. Schmidt). (c, d) Filiform hairs of a 
caterpillar of Barathra brassicae. (e) Mechanical circuit 
of a structure (antenna or hair) sensitive to vibration 
in a medium. The inset shows the equivalent electrical 
circuit according to the "impedance-type" analogy. M 
mass; J inductivity; C compliance; C E capacity; R M 
resistance by inner friction; R A frictional resistance 
between hair and air; R1,2 electrical (ohmic) 
resistance; F force; U voltage 

so ty  capac i ty  is also found  in m a n y  o ther  animals ,  
and  the fol lowing phys ica l  cons idera t ions  app ly  to 
t hem - muta t i s  mu tand i s  - as well. 
A r t h r o p o d s  use sensory hairs  or  an tennae  for detect-  
ing par t ic le  v ib ra t ion  in a m e d i u m  (Fig. 1). Sensory  
hairs  are the  mos t  c o m m o n  and  bes t - ana lyzed  type  of  
mechano recep to r s  in a r th ropods .  They  consist  of the 
hair  shaft, its a r t i cu la t ing  membrane ,  and  one or  
more  sensory cells a t t ached  to the  ha i r  base.  Modif i -  
ca t ions  of  the  mechan ica l  p roper t i e s  of  the  ha i r  and  
of  t he  response  character is t ics  of  its sensory  cell(s) 
resul t  in sensory special izat ions ,  m a k i n g  the hairs  
e i ther  sensit ive to contac t  (" tact i le  hairs")  or  to mo- 
t ion o f  the su r round ing  med ium,  which  can be uni-  
d i rec ted  f low or  rhy thmic  osci l la t ion.  I t  is obvious  
tha t  hairs  tha t  can be s t imula ted  by  m e d i u m  oscil- 
la t ion  can in pr inc ip le  also r e spond  to un id i rec t iona l  
flow and  vice versa  if the  s t imuli  are  s t rong enough 
and  if the  t ransfer  funct ion of  the system is nei ther  
pure ly  phas ic  no r  pure ly  tonic.  So it is no t  surpr is ing  
tha t  the same sensory hai rs  have  been  descr ibed  
ei ther  as air-f low receptors  or  as "hear ing  organs"  
(e.g., head  hai rs  in honeybees  [7, 8]). 
D i sp l acemen t  recep t ion  in wate r  is for vertebrates an 
i m p o r t a n t  s e n s o r y  capaci ty .  Fishes  and  amph ib i ans  
receive water  d i sp lacement  t h rough  their  la tera l - l ine  
system. The  ci l iary  processes  p ro jec t ing  f rom the 
apica l  end of  the  sensory cells (neuromasts)  are co- 
vered by  a ge la t inous  cupu la  which  is m o v e d  by 
water  d isplacement .  Inves t iga t ions  of  the  s t ructure  

a n d  m o t i o n  of  the cupula  of  the  la tera l - l ine  system in 
Necturus maculosus have shown tha t  the cupu la  mo-  
ves a p p r o x i m a t e l y  l ike a r igid b o d y  [9-12] .  This  fact, 
and  the d imens ions  of  the  cupulae  (slender cy l indr ica l  
bodies ,  ca. 40 gm in d i ame te r  and  200-800 g m  long), 
a l lows use of the fo rmulae  tha t  are given for sensory 
hairs  in air. In  more  compl i ca t ed  la tera l - l ine  organs  
where the  cupulae  are  fiat sheets or  s t and ing  in 
canals,  the  descr ip t ion  of  the mechan ica l  processes  is 
more  compl ica ted .  The  same is t rue  for ha i r  displace-  
ment  in the ve r tebra te  labyr in th .  
In  o rde r  to unde r s t and  the phys ica l  cons t ra in ts  under  
which  m e d i u m - v i b r a t i o n  receptors  are work ing  one 
has first  to cons ider  the character is t ics  o f  waves in 
elast ic  media .  

Vibrations within Elastic Media 

Air 

Air is a mixture of elementary gases, but it has rather homo- 
geneous physical properties. Parameters of interest in the present 
context are its density p and viscosity r/. Both determine the mode 
and the velocity of the transmission of a disturbance through air. 
At sea level (static pressure = 1.013.103 mbar) and 15~ p = 1.225 
kg/m 3, 7=1.7894-10-SN.s/m2. Both decrease with increasing 
altitude, falling barometric pressur e and temperature. Sound prop- 
agation velocity c in air is 340.29 m/s at 15~ and at sea level (for 
dependence of sound-propagation velocity on the humidity of air, 
see [13]). It is related to the wavelength 2 of the sound at a given 
frequency f according 

c=2. f  (1) 

Naturwissenschaften 66, 452-461 (1979) �9 by Springer-Verlag 1979 453 



In a sound wave the air particles don't travel through the medium; 
they oscillate around their resting position. The vector of this 
oscillation is oriented in the direction of propagation of the 
pressure wave. This oscillation can be described by its frequency 
and the amplitude of either the displacement, velocity or accele- 
ration of the particles. 

Water 

All considerations and formulae reported for air apply also for 
periodic disturbances in water. The higher density of water (999.13 
kg/m ~ at 15~ results in ca. 5 times higher sound-propagation 
velocity (c=l  466.25 m/s at 15~ and thus in ca. 5 times longer 
wavelength at a given frequency. How the propagation velocity of 
sound in water, and thus the wavelength at a given frequency, 
depend on temperature and density is given in [13]; how it 
depends on salt content is shown in [14 I. 
For the characteristics of water-surface waves which are also 
produced by particle displacements see [6, 15-18]. 

Near Field and Far Field 

In describing the radiation of sound from a source it is important 
to distinguish between near-field and far-field conditions. It was 
shown that pressure variation is always caused by particle dis- 
placement. On the other hand, particle displacement does not 
always cause pressure variation. In the vicinity of an oscillating 
object large particle displacements can take place that cause no 
energy transport over distance and thus no pressure variation 
depending on the frequency of oscillation and the size of the 
source. This so-called near-field oscillation is generated because a 
definite volume of the surrounding medium streams around the 
sound source rather than being compressed by it (for more 
detailed description see [4]). For a monopole the amplitude of this 
near-field displacement decreases with 1/r 2 (r = distance from the 
sound source), for a dipole by 1/r 3 [19]. On the other hand, the 
particle displacement that causes the propagated pressure variation 
("far-field displacement" because it dominates at greater distance 
from the source) decreases for every type of sound source with 1/r 
resulting in the well known inverse square law of sound intensity. 
In practice far-field attenuation in air is also influenced by atmo- 
spheric conditions, like humidity [20]. For a monopole near field 
and far field are equal at a distance r = 2/2 ~ ~ 2/6 from the surface 
of the sound source. The near-field displacement can be completely 
neglected at distances r>2/2 [21]. This is also true for higher- 
order sound sources if they hold k.ao< 1 (k=2~/2, a0=radius of 
sound source) because then the near field is dominated by the zero- 
order component of the sound source, i.e., it can be treated like a 
monopole. In the far field the maximum particle velocity v and the 
amplitude of particle displacement ~F can be calculated from the 
easily measurable peak amplitude p of sound pressure according to 

v = p/p. c (2) 

and 

iv =P/P" c. 2.7z . f  (3) 

At distances r < 2/2 the near-field displacement must be taken into 
consideration. The near-field oscillation lags the far-field oscillation 
(which causes the sound pressure) by 7z/2. Near-field and far-field 
particle displacement must thus be added vectorily in order to get 
the real particle displacement in any particular place. If it is not 
possible to measure the resulting particle displacement i at dis- 
tances r<2/2 from a source directly, it can be calculated from the 
measured sound pressure according to 

~= ~ (4) 
cos 7 

(y=phase angle between IF and i, tany=l /k .r  [22]). For the 
treatment of higher-order sound sources see [4, 19]. 
In water are the longer wavelengths responsible for the fact that the 
near-field effects spread ca. 5 times farther than in air. However, 
the amplitude of particle displacement in the far field of a sound 
source is about 3 500 times smaller in water than in air (see Eq. 3) 
for the same value of sound pressure. 

Physical Constraints and Physiological Characteristics 
of Medium-Oscillation Reception by Sensory Hairs 

The Driving Force  

As p o i n t e d  out ,  the  s t i m u l a t i n g  p a r a m e t e r  for m e c h a -  
n o r e c e p t i v e  ha i r s  is pa r t i c le  osc i l la t ion ,  n o t  p ressure  
va r i a t i on .  This ,  however ,  does  n o t  yet  answer  the  
q u e s t i o n  whe the r  the  ha i r s '  m o t i o n  is d r i v e n  by  vis- 
cous  force, ine r t i a l  force, o r  b o t h  forces together .  I t  
was  i m p o s s i b l e  to dec ide  this  by  m e a s u r i n g  the  reso- 
n a n c e  charac ter i s t ics  of  the  d i s p l a c e m e n t - s e n s i t i v e  
ha i rs  of  ca te rp i l la rs  [22].  Th i s  p r o b l e m  can,  however ,  
be  so lved theore t i ca l ly  for a " f l oa t i ng  sphere"  tha t  is 
forced  to  osc i l l a t ions  in  a s o u n d  field. F o r  every 
sphere  d i a m e t e r  there  exists a l im i t i ng  f r equency  be-  
tween  a lower  f r equency  r a n g e  where  v iscous  forces 
dr ive  the  sphere  a n d  a h igher  f r equency  r ange  where  
ine r t i a l  forces d o m i n a t e  [4].  E.g., for a sphere  wi th  a 
d i a m e t e r  o f  2 0 0 g i n  this  f r equency  l imi t  is 1 8 0 H z  in  

air. 
I n  the  case of  a sensory  ha i r  these  two f r equency  
ranges  m u s t  also exist  b u t  it  is n o t  qu i te  c lear  
wh ich  f r e q u e n c y  separa tes  the  ranges .  A c c o r d i n g  to 
theore t i ca l  c o n s i d e r a t i o n s  of S tokes  [23]  a typ ica l  
a r t h r o p o d  sensory  ha i r  is c o n t r o l l e d  by  v iscous  force 
b e l o w  1 k H z  (R A in  Fig.  1) a n d  the  in f luence  of  the  
ine r t i a l  force can  be  neg lec ted  [24].  Th i s  a l lows us to 
use  the  phys ica l  laws for a v i scous  f luid to ca lcu la te  
the  m a x i m a l  m e c h a n i c a l  sens i t iv i ty  which  a ha i r  c an  

have.  
Senso ry  ha i r s  a n d  a n t e n n a e  are s o m e t i m e s  h igh ly  
fea the red  (Fig.  1). This  leads  to a large increase  o f  the  
surface  of  the  s t ruc tu re  whi le  o n l y  l i t t le i nc reas ing  the  
mass,  i.e., the  v iscous  force can  act  m o r e  effectively 

o n  the  s t ruc ture .  

Sensi t iv i ty  L i m i t s  f o r  an Osci l la t ion-Sensi t ive  Ha i r  

Idea l  a i r -osc i l l a t ion  recep tors  s h o u l d  m o v e  exact ly  as 
the  s u r r o u n d i n g  air, wh ich  cou ld  be  t rue  if the  re- 
cep to r  h a d  the  s ame  phys ica l  p rope r t i e s  as the  air. 
Howeve r ,  s ince sensory  hai rs  have  a ] 000-fold  h ighe r  
dens i ty  t h a n  air  this  can  neve r  be  achieved.  If  this  
r ecep to r  mass  is, however ,  b a l a n c e d  by  resis t ive a n d  
sp r ing  e l emen t s  (Fig. 1) it is poss ib le  to get  a ha i r  tha t  
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Fig. 2. Hair oscillation caused by particle (molecules of the me- 
dium) oscillation. For graphical demonstration of important pa- 
rameters some idealized rows of molecules are shown. Arrows 
show direction and amplitude of displacement (propagation direc- 
tion of the sound wave is perpendicular to the long axis of the 
hair), a Hairtip-displacement amplitude; f stimulus frequency; m 
thickness of boundary layer; s sensory cell; ]~ deviation angle of the 
hair from resting position; 2 wavelength; v kinematic viscosity; 
particle-displacement amplitude; x factor see Eq. 5. 

acts like an ideal receptor, although only in a limited 
frequency range because of the resonance characteris- 
tics of every mass/spring system [22]. Another com- 
plication arises from the fact that the hair is hinged at 
one end and thus goes through tilting movements, 
i.e., it cannot move exactly perpendicular to the wave 
front. 
A purely theoretical treatment of hair motion in air 
[24] reaches conclusions that are in general agree- 
ment with previous experimental work results [22] 
although the theoretical model was developed under 
neglection of the inner friction (R M in Fig. 1) of the 
hair articulation which may explain some discrepan- 
cies between the theoretical model and the experi- 
mental results. One important question in both in- 
vestigations was: What is the theoretical limit for the 
mechanical sensitivity of a hair? It is obvious that a 
hair Which for a given stimulus moves through a 
large amplitude is mechanically more sensitive than 
one which moves very little, provided the hair moves 
in both cases as a stiff rod. It is also evident that 
because of the mass/spring properties of the hair, the 
sensitivity threshold must be frequency-dependent. 
For  judging mechanical sensitivity of a hair it is most 
useful to compare the amplitude of hairtip displace- 
ment with the amplitude of air-particle displacement 
at a given frequency rather than the deviation angle 
of the hair because the latter depends also on hair 
length. As derived in [24] a factor x gives the ratio of 
hairtip displacement to particle displacement in an 

elastic medium at optimal mechanical sensitivity if 
the air-oscillation vector is perpendicular to the long 
axis of the hair: 

(R =radius of hair base, v=  ~l/P kinematic viscosity). 
For  1 0 < f  < 4 0 0 H z  x ~ 2  in air which means that the 
hairtip moves with twice the oscillation amplitude of 
the air molecules. This optimum is reached in filiform 
hairs of caterpillars in the frequency range 100- 
400Hz and for hair deviations not exceeding 0.2 ~ 
from resting position 1-22]. 

The Influence of Hair Length on Sensitivity 

To reach the maximal hairtip-displacement ampli- 
tude possible under given stimulus conditions, the 
hair must exceed a minimum length m. The reason 
for this is that at the surface of an animal in a field of 
oscillating air the air particles are at rest. With 
increasing distance from the animal's surface the 
amplitude of the air oscillation increases until it 
reaches its final value at a distance m over the surface 
(Fig. 2). The thickness of this boundary layer can be 
given by 

m ~ ( v / 2 .  TC . f )  1/2. (6) 

A mechanically optimally fitted hair should therefore 
be a few times longer than m 1-24]. 
On the other hand, the sensitivity of the whole sen- 
sory system depends not only on the mechanical 
properties of the sensory hair but also on those of the 
sensory cell, which means in this case that spikes are 
generated when a threshold hair deviation is reached. 
The best known threshold angle for impulse initiation 
for mechanoreceptive hairs is 0.1 ~ 1,25]. With respect 
to the threshold angle of the sensory cell, very long 
hairs are obviously as disadvantageous as are very 
short ones for the mechanical reasons; the maximal 
possible deviation angle of the hair from resting 
position decreases at constant hairtip displacement 
(as defined by x) with increasing hair length. Thus the 
threshold angle for impulse initiation may not be 
reached when the hair is very long. From these 
considerations a range of hair length of optimally 
adapted hairs can be estimated: 
2. m < hair length < 6. m. The limits of this range can 
float a little bit because there is no possibility for 
exact calculation; they must be estimated on the 
basis of the considerations above. 
Since the thickness of the boundary layer m depends 
on frequency of air oscillation (Eq. 6) it is possible to 
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calculate in which frequency range a hair of given 
length is best adapted for receiving oscillation in the 
medium. This frequency range includes the mechani- 
cal resonance frequency of the hair. The experimental 
results on the hairs of caterpillars show that at small 
hair deviations (<0.2 ~ ) the frequency range within 
which the hairs are optimally moveable is rather wide 
(100-400Hz). At increasing hair deviation this fre- 
quency range is narrowed�9 At hair deviations > 0.4 ~ 
the hair moves well (but no longer optimally) only at 
its resonance frequency (100-150Hz) [22]. (The fact 
that in trichobothria of Tegenaria no resonance fre- 
quency was found between a few Hz and 2 kHz [26] 
could result from shortcomings in the experimental 
method used, see p. 459.) 
Figure3 shows the calculated hair-deviation angles 
from resting position in a free-sound field at a con- 
stant stimulus intensity of 90dB sound pressure 
(re. 2 .10-  s Pa) atdifferent stimulus frequencies and hair 
lengths. For  this calculation it was assumed that the 
hairs are mechanically as sensitive as possible (see 
above). Values have been eliminated for which one or 
both of the following conditions is not fulfilled: 1) 
2 .m<ha i r l eng th=<6 .m;  2) deviation angle >0.1 ~ 
The remaining values relate hair length to their op- 
timal frequency range. If the range of hair length will 
be extended over the range assumed here (2.m to 
6. m) the frequency range to which a hair can respond 
will be extended, too. On the other hand, however, it 
will be restricted if the threshold angle of impulse 
initiation is bigger than 0.1 ~ or if the mechanical 
sensitivity is not optimal. Since both are true for 
most described hairs in arthropods the relation be- 
tween frequency range and hair length given in Fi- 
gure3 is most likely, although the uncertainty of 
correct hair-length range exists. 

Anomalies in Published Sensitivity Thresholds 
of Air- Vibration-Sensitive Hairs 

Experimentally the frequency range in which hairs 
sensitive to air vibration can be stimulated has been 
investigated in many cases. Table 1 gives the pub- 
lished values of this frequencY range, the frequency 
fma= of maximal sensitivity, and the sensitivity 
threshold at this frequency. The reported values Offm,~ 
fit with the theoretically expected values as given in 
Fig. 3. However, many published sensitivity values 
are theoretically not possible and the hairs must be 
less sensitive in a free-sound field than the published 
data suggest. The following consideration prove this: 
Take a hair that is maximally moveable. The sensory 
cell has a threshold angle c~ for impulse initiation in 
direction of maximal sensitivity. Then 

hair length (/um) 

N ~ / / "" " \ 

0.07 ~ooo ~ ,~  ~,  o.~ o.o~ o.o~ o.oo~ ~ ~ , ,. o.~ 

5o0 5 . ~  !~,~I~ ~ ~ ,"~ \ " \ / \ / \ ," ~ i ~  o.~" o.o~ o.o~ o.o~ o�9 
/ / \ / \ / \ / \ 

i . ~oo ~.~, ,"~ ;,.~ 7 <  o.% o.o~ o.o~ 

�9 �9 " ~ frequency 
-m ~o 400 4~  ~oo ~oo ,~ooo ~ooo 4.ooo 'b"'ooo (~,), 

Fig. 3. Calculated maximum deviation angles from resting position 
for hairs oscillating in air at a constant stimulus intensity of 90 dB 
(re. 2 . 1 0 -  5 Pa) for different stimulus frequencies and hair lengths. 
It is assumed that the hairs are mechanically as sensitive as 
theoretically possible."0:08~: eliminated because the angle is smaller 
than the best known threshold angle of 0.1 ~ [25]>44.3:~eliminated 
because hair length is not in the range 2 .m-6 .m (m thickness of 
boundary layer, see Eq. (6)). The remaining values (shaded area) 
show which hair length is suitable to receive which frequency 

d 
tan c~ = ~ (7) 

(d=hairtip-displacement amplitude at threshold of 
impulse initiation, l =ha i r  length, c~ = threshold angle 
of impulse initiation, which is easily determined if 
the hair is fixed to the stimulus transducer). 
As shown above in the case of maximal sensitivity we 
have 

x .  ~ = d (8) 

(x see Eq.(5)) which leads to 

1. t a n  c~ 
- - -  (9) 

x 

If ~ is put in Eq.(3) one gets 

I .  t a n  c~ 
p = -p- c. 2. rc.f. (10) 

x 

If p is expressed in the usual dB scale it is 

p [dB] = 20. log l . f .  tan c~ p.  c. 2 ~ (11) 
x Po 

(P0 = 2 .10 -  5 Pa). 

If all parameters are given in SI units one gets in air 
at 15 ~ and at sea level 

p [dB] = 20. log I.f .  t an~ .  1.28- 108. (12) 
x 
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Table 1. Frequency range and sensitivity values that are published for different sensory hairs (discussion in text). All values were measured in 
electrophysiological experiments except the values published in [30] which were measured in behavioral experiments 

Animal species Location Hair length Response- Best frequency Optimal threshold Ref. 
of hairs [gm] frequency range fro,• [Hz] (re. 2- 10- ~ Pa) 

[-Hz] [dB] 

Orthoptera 
Chorthippus parallelus cerci 

Oxya japonica cerci 

Gryllus domesticus cerci 

GryIlus domesticus cerci 

Gryllus bimaculatus cerci 

Xenogryllus marmoratus cerci 

Homoeogryllus japonicus cerci 

Gryllotalpa hexadactyla cerci 

Acheta domesticus cerci 

Hentschoudentia epilamproides cerci 

800-1 500 
150-800 

< 150 

1 500-1 600 
600 

< 600 

2 000.4 000 91 [78] 

40 1 700 500 85 [79] 

40-3 000 40 44 [80] 

20-2000 20 40 [813 
20-2000 80 53 

300-1 500 800 88 

30-400 30 45 [27] 
30-700 30 50 
30-2000 30 62 

30-2 000 800 65 [79] 

30-3 000 800 75 [79] 

100-600 200.600 77 [79] 

30-3 000 50-100 45 [82] 

50,500 50 85 [83] 

Hymenoptera 
Apis meUifica head 640 _+ 41 100-5 000 200-300 70 [8] 

Lepidoptera 
Heliconius head 400-5 000 1 200 61 [50] 

Barathra brassicae (caterpillar) thorax 508_+26 40-1 000 100-600 90(100Hz) [30] 
-100 (600 Hz) 

Barathra brassicae (caterpillar) thorax 508 +26 40-1 000 150 91 [25] 

Equation(l l) gives the theoretical limit of sensitivity 
of a freely oscillating mechanoreceptive hair stimu- 
lated by particle vibration in a medium. If an experi- 
mentally determined threshold of sensitivity is below 
this maximal theoretically possible value (for air gi- 
ven by Eq. (12)), the measurements can clearly not be 
accepted as reliable. That_ several threshold values 
given in Table 1 are too low to be true is borne out 
by the following example: 
Knjazev [27] found for 1 500 ~tm long hairs in Gryllus 
bimacuIatus at 30 Hz stimulus frequency a threshold 
of 45 dB. The only unknown factor here is the angle c~ 
of threshold deviation of the sensory cell. If we as- 
sume e = l . 0  ~ the threshold intensity is at least 
93.6dB; if we assume c~ to be 0.1 ~ the threshold 
intensity is at least 73.6dB at 30Hz stimulus fre- 
quency. If the mechanics of the hair are not optimal 
(which is true for Gryllus bimaculatus [28]) and/or the 
angle of impulse-initiation threshold is bigger than 
assumed, the thresholds would be even bigger than 
the calculated ones. 
It is assumed that most investigators cited in Table 1 
arrived at threshold values which were too low to be 

possible because they neglected the influence of the 
near field of the stimulating sound source. If the 
preparation is brought nearer than 2/2 to the sound 
source (2/2 for 30Hz is about 570cm in air) and the 
sound pressure is measured for calculating stimulus 
intensity, one gets only one component of the vec- 
torially composed actual particle displacement (see 
p. 454). The dominant component of the hair-stimulat- 
ing quantity, the near-field displacement, is neglect- 
ed. 

Sensitivity Characteristic 
of the Whole Sensory System 

The sensitivity of sound receptors is traditionally 
defined by a frequency-dependent response curve, 
with intensity threshold being expressed in dB re. 
2 . 1 0 - S P a  ("sound pressure-dB"=SP-dB). This is 
convenient for a sound-pressure-receiving system. 
However, since particle displacement at constant 
sound-pressure level decreases proportional to 1/f 
(see Eq. (3)), threshold SP-dB values are of little use 
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Fig. 4. Curves for calibration SP-dB threshold values (see text) for 
displacement-sensitive organs to make them comparable at dif- 
ferent frequencies (for procedure of calibration see text). The 
absolute dB values given on the ordinate are arbitrary but  this is 
irrelevant because the difference between the dB values of the 
compared frequencies is important  and this difference can be taken 
directly from the ordinate. Thick solid line: hair oscillates in air; 
dotted line: hair oscillates in water; thin line: +6dB/oc t ave  
slope. The curves are calculated for a hair with a diameter of 4 gm, 
but the curves are rather independent on this parameter  (see 
Eq. (5)) 

for comparing the sensitivities of medium-displace- 
ment receptors at different frequencies. However, it is 
possible to compare sensitivity values of sensory hairs 
expressed in the usual way (SP-dB, see above) if they 
are calibrated by using the curves given in Fig. 4. This 
calibration eliminates the difference in dB values that 
comes from pure mathematical treatment (see Eq. (3) 
and Eq. (5)). If the sensitivity curve (SP-dB) of a freely 
oscillating hair is determined and one wants to com- 
pare the dB values of two frequencies, the difference 
between the dB values of these two frequencies must 
be taken from the ordinate of Fig. 4 and this differ- 
ence must be subtracted from the experimentally 
found SP-dB of the higher of the two compared 
stimulation frequencies. The raise of the calibration 
curves in Fig. 4 is not exactly + 6 dB/octave as would 
result from Eq. (3). They must be raised less, because 
the factor x (that gives the maximal mechanical 
sensitivity value) increases slightly with frequency (see 
Eq. (5)). 
The diagram given in Fig. 4 can also be used for 
underwater sound. In underwater acoustics the refer- 
ence for sound pressure is commonly 1 dyne/cm 2, 
which lies + 7 4 d B  above the reference in air 
(2.10 4dyne/cm2) which must be considered if the 
sensitivity values among these two media are com- 
pared. 

Methods and Problems in the Experimental Analysis 
of Mechanical Properties of Sensory Hairs 

The standard procedure for testing whether an ani- 
mal is sensitive to sound pressure or to medium- 
particle oscillation is to place it in the sound field of a 
standing wave where pressure- and medium-oscil- 
lation maxima are separated by 2/4 in space [29, 30]. 
Such a standing wave results if the sound wave 
emitted by a loudspeaker is reflected by a stiff wall so 
that the emitted and the reflected waves interfere with 
one another resulting in maximal amplitudes of pres- 
sure and displacement that are twice that of the 
emitted wave (Kundt's tube, Fig. 5a). The condition 
for an optimal standing wave is a defined frequency- 
dependent distance between loudspeaker and reflect- 
ing wall. A standing wave results also inside a closed 
air-filled box that is moved sinusoidally around its 
resting position (Fig. 5b). The sound-pressure and 
particle-oscillation functions inside the box are for a 
first approximation those that are found at the pres- 
sure node and displacement loop in a standing wave 
shown in Fig. 5a. When using this vibrating box one 
has to consider the dimensions of the box, i.e., the 
inner diameter of the box in direction of vibration 
should not be too large. Otherwise the value of 
particle displacement calculated from measured acce- 
leration of the box (Fig. 5b )canno t  be trusted (for 
detailed formulae see [22]). Under the precisely de- 
fined conditions of a standing wave many mechanical 
properties of the sensory hairs can be investigated 
since it is not necessary to measure the air-particle 
displacement directly; it can be calculated from the 
easily measurable sound pressure (Fig. 5 a) or accele- 
ration (Fig. 5b). Air-particle movement can also be 
calculated from the measured sound pressure if the 
preparation is placed in the far field of a sound 
source (Fig. 5c) but here it is very difficult to exclude 
unwanted air disturbances, e.g., those caused by the 
experimentator. Stronger air oscillations can be mea- 
sured directly by a calibrated hot-wire anemometer. 
The calibration can be done by using one of the 
methods shown in Fig. 5 if the anemometer is sub- 
stituted for the preparation. 

One mus t  be careful in using other sources of force than air 
oscillation to deflect medium-vibration-sensitive hairs. Most  of 
these hairs are electrostatically moveable, but  it can be shown by a 
simple experiment that using electrostatic force to bring a hair to 
oscillation is not  a suitable method for determining the mechanical  
frequency response, e.g., the resonance frequency of the hair with 
its associated air load. To show this, a hair of Barathra caterpillars 
was first st imulated by air oscillation and the st imulus intensity set 
so that a definite oscillation ampli tude of the hair was reached. 
Then the hair was st imulated by an AC voltage of another fre- 
quency and brought  electrostatically to the same amplitude of hair 
deviation (method of electrostatic st imulation see [-261). Then the 
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Fig. 5. Methods for determination of particle displacement that 
stimulates a sensory hair. (a) Kundt's tube, (b) vibrating box, (c) 
open sound field, a Acceleration (peak value); c sound-propagation 
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Fig. 6. Demonstration of the outcome using different methods of 
investigation of the mechanical properties of a sensory hair. (A) 
Response curve (deviation angle of the hair vs. stimulation fre- 
quency) resulting from the use of electrostatic hair displacement for 
trichobothria of Tegenaria spiders (curve after [26]). Measure- 
ments were done in vacuum at a constant AC voltage of unknown 
value, that exceeded 40V. (B) Open circles show the result of the 
same experiment described for (A) for a filiform hair of a Barathra 
caterpillar. Measurements were done in air at a constant AC 
voltage of 60V (peak-peak). Filled circles show the results from 
stimulating the same hair by air vibration with a constant velocity 
of the air particles. It is evident that the resonance at 150 Hz of the 
hair in the oscillating medium is completely suppressed if the hair 
is driven to forced oscillation by AC electrostatic force 

hair was simultaneously stimulated by the air oscillation and the 
electrostatic force of another stimulus frequency. The result was 
that the air oscillation had absolutely no influence on frequency 
and amplitude of the hair oscillation. The hair oscillates always 
with the frequency of the AC voltage. This was found to be true for 
all frequencies used (10-1 000Hz), independent whether the AC- 
voltage frequency was higher or lower than the air oscillation, and 
independent of the frequency difference between the two forces. 
This shows that the electrostatic force is so strong that the reso- 
nance properties of the hairs are masked, i.e., the electrostatic force 
acts as if it were tightly coupled to the hair. One can assume that 
this happened in the experiments on trichobothria of Tegenaria 
spiders, where no resonance point could be found in fresh prepara- 
tions by using the electrostatic method of hair deviation [26]. 
Figure 6 demonstrates the complete disagreement between experi- 
mental results depending on whether the inadequate method of 
electrostatic hair stimulation or the physiological stimulation of 
the hair by medium vibration is used. 

Biological Function of Medium-Oscillation Reception 

Medium-vibra t ion-sens i t ive  receptors can be used for 
detecting enemies, for localizing prey, or for com- 
municat ion .  

The abil i ty to detect a source of mechanical  distur- 
bance in a med ium is found th roughout  the an imal  
k ingdom from Protozoa  to Vertebrata.  Positive vib- 
rotaxis is described e.g. for Amoeba proteus where a 
s t imula t ion  frequency of 50Hz  is most  effective [31]. 
Prey localizing by non-mot i l e  cilia by means of small  
displacements in the su r round ing  water has been 
described for C tenophora  [32]. The mar ine  gas- 
t ropod Patella reacts with avoidance and  flight be- 
havior  if s t imulated by water displacements.  The 
receptors are no t  k n o w n  in this case [33]. Chaeto-  
gnatha  grasp for source of periodical water displace- 
men t  preferably of 10-14 Hz. This behavior  is trig- 
gered by stiff cilia and  bristles widespread on the 
epidermis [34]. Their  ma in  prey are copepods which 
produce water displacement  of 10-20 Hz dur ing  filter 
feeding and  swimming [35]. 

The spiders Agelena labyrinthica and  Sericopelma 
rubronitens tu rn  and  often grasp precisely for an 
object vibrat ing in air, e.g., a whirr ing fly, even when 
they are blinded. After destruct ion of the t r ichoboth-  
ria this capacity is abolished [36, 37]. Thus, tri- 

chobothr ia  may play an impor tan t  role in localizing 
prey, especially under  poor-l ight  condi t ions  (in dark 
corners;  at night). 
Water -d isp lacement  receptors are widespread among  

Crustaceae. Sensory hairs that  respond to water oscil- 
la t ion have been described several times [38-42].  A 
chordotona l  organ in the an tennae  can also receive 
water displacements which are t ransmi t ted  as flagel- 
lar movements  [43, 44]. It  is assumed that  this sen- 
sory capacity helps the crustaceans to detect pre- 
datory fishes. 
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The biological function of medium-oscillation recep- 
tion in insects is better known. The caterpillars of 
Barathra brassicae detect the air vibrations generated 
by the wingbeat of approaching predators (wasps) or 
parasites (wasps, flies), and show defensive reactions 
that raise their chance of survival by about  30 ~ [5]. 
The sensory hairs responsible for the reception of the 
air oscillation are optimally adapted to receive this 
natural stimulus [22, 25]. Defensive reactions on 
stimulation by the flight sounds of parasitic insects 
have also been described for tent caterpillars [45]. 
Escape reactions are also released by stimulation of 
the cercat filiform hairs in different Orthoptera  [46]. 
In cockroaches wind produced by the tongue strike 
of a toad elicits escape behavior [47]. 
A function of cercal filiform hairs in intraspecific 
communicat ion might be possible in the African crick- 
et Phaeophilacris spectrum. During mating and ag- 
gression the male flicks its wings and by this pro- 
duces an air vibration directed towards the female or 
a competi tor  [48]. 
Self-stimulation of the filiform hairs on the cerci of 
cockroaches by their own wingbeat may also be 
important  for flight stabilization [491. A similar func- 
tion is assumed for the sensory hairs that compose 
the Jordan's  organ on the head of some butterfly 
species [50]. The antennae oscillations forced by the 
own wingbeat help measuring and regulating diverse 
flight parameters  in Calliphora [-51-54]. Displace- 
ment  sensitivity of the Johnston organs has been 
demonstrated for much more flies and mosquitos 
[55-62]. The ability of Diptera to receive air-particle 
displacement is most  important  in courtship. The 
males of Aedes and Anopheles are attracted by a 
sound in the frequency range 300-400 Hz with a best 
frequency of about  400 Hz. The wingbeat of the fe- 
males lies in the range 350M00Hz, i.e., around the 
resonance frequency of the male antennae. The wing- 
beat of the male is in the range 500-550 Hz and thus 
releases no behavioral response in other males. In 
Drosophila the males produce air displacements by 
vibrating one wing in a species-specific pattern [63] 
that is received by the females through their antennae 
[64, 65]. 
Dragonfly larvae detect prey by receptors on the 
antennae and on the tarsi that are stimulated by 
water displacement [66]. The same is observed for 
Ranatra linearis where sensory hairs on the forelegs 
must be stimulated [67]. 
In vertebrates the best known receptor system for 
particle displacement in water is the lateral line organ 
in fishes and amphibians [68]. This organ is used for 
spatial orientation or for localizing moving prey [69-  
73]. In addition the lateral line system plays an 
important  role in schooling behavior of fishes [74]. 

The lateral line organ is also involved in agonistic 
behavior where strong water displacements are pro- 
duced by tail flicks of parallel or antiparallel display- 
ing fishes. It  has been assumed that the strength of 
the competi tor  in this ritualized fight is estimated 
from the strength of stimulation of the lateral line 
organ [75]. 
A problem in structures being very sensitive for par- 
ticle displacement is self-stimulation while the animal 
moves actively around. One mechanism for solving 
this problem is the decrease of the sensitivity of 
interneurons involved in the control of reactions to 
displacement stimulation while the animal is walking, 
which has been found in Periplaneta [76] and in the 
crustacean P etrochirus californiensis [77]. 

I want to thank H. Markl and D.C. Sandeman for numerous 
fruitful discussions and W.T. Keeton for kindly reading the manu- 
script. 
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