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Abstract Crickets have two tympanal membranes on the
tibiae of each foreleg. Among several Weld cricket species
of the genus Gryllus (Gryllinae), the posterior tympanal
membrane (PTM) is signiWcantly larger than the anterior
membrane (ATM). Laser Doppler vibrometric measure-
ments have shown that the smaller ATM does not respond
as much as the PTM to sound. Hence the PTM has been
suggested to be the principal tympanal acoustic input to the
auditory organ. In tree crickets (Oecanthinae), the ATM is
slightly larger than the PTM. Both membranes are structur-
ally complex, presenting a series of transverse folds on
their surface, which are more pronounced on the ATM than
on the PTM. The mechanical response of both membranes
to acoustic stimulation was investigated using microscan-
ning laser Doppler vibrometry. Only a small portion of the
membrane surface deXects in response to sound. Both
membranes exhibit similar frequency responses, and move
out of phase with each other, producing compressions and
rarefactions of the tracheal volume backing the tympanum.
Therefore, unlike Weld crickets, tree crickets may have four
instead of two functional tympanal membranes. This is
interesting in the context of the outstanding question of the
role of spiracular inputs in the auditory system of tree
crickets.

Keywords Auditory organ · Cricket · Orthoptera · 
Eardrum · Tree cricket

Introduction

The mechanism of hearing in Weld crickets has been the
subject of extensive investigation (Larsen et al. 1989;
Michelsen 1998) and forms the basis of our knowledge
about the entire gryllid family (true crickets). However,
there are several distinctive groups within this family which
use acoustic communication, but have diVerent body types,
ecological niches and behavioural repertoires (Zuk and
Simmons 1997). Each of these groups may have found dis-
tinct solutions to the problems of hearing the songs of their
conspeciWc males and localizing them.

Field crickets and tree crickets (Fig. 1a) fall within the
family Gryllidae, but belong to two diVerent subfamilies:
Gryllinae and Oecanthinae, respectively (Chopard 1969).
Tree crickets are quite diVerent from Weld crickets. Apart
from other ecological diVerences, the calling songs of tree
crickets have, on average, lower carrier frequencies (2–
4 kHz) (Metrani and Balakrishnan 2005) compared to Weld
crickets (3–8 kHz) (Otte 1992). In addition, calling song
carrier frequency in tree crickets changes dramatically with
temperature, a feature not observed in most Weld crickets
(Walker 1962a, b; Metrani and Balakrishnan 2005).

These diVerences between the two sub-families raise
interesting questions about the possible mechanisms under-
lying hearing among their members. A damped resonance
of the tympanal membrane close to conspeciWc carrier fre-
quency has been reported in Weld crickets (Paton et al.
1977; Larsen and Michelsen 1978). A Wxed resonant sys-
tem would be maladaptive in the Oecanthinae, where the
carrier frequency varies with temperature by as much as
100–200 Hz/°C (Walker 1962a, b; Metrani and Balakrish-
nan 2005). Among Weld crickets, directionality is produced
by the diVraction of sound and the phase diVerences due to
distance between the diVerent sound inputs in a pressure
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Fig. 1 Anatomy of the tree cricket ear. a A female Oecanthus henryi.
Average body length 12.5 § 0.7 mm (Metrani and Balakrishnan
2005). b SEM images of the anterior and posterior tympanal mem-
branes of an O. henryi female (scale bar 200 �m). c A SEM of the
ridges on the distal portion of the anterior tympanal membrane (scale
bar 50 �m). d A SEM of the ridges on the central part of the anterior

tympanal membrane (scale bar 20 �m). e A SEM of the ridges on the
distal portion of the posterior tympanal membrane (scale bar 20 �m).
f A SEM of a vertical section of the anterior TM (scale bar 50 �m).
g A light transmission microscope image of a transverse section
through the leg of a O. henryi female showing the orientation of the
two tympanal membranes with respect to each other (scale bar 20 �m)
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diVerence receiver system (Michelsen et al. 1994). How-
ever in an animal the size of a tree cricket, signiWcant
diVraction of calling song is not expected since the song has
a low carrier frequency and hence a long wavelength. Simi-
larly, there will be very small phase diVerences in calling
song at the four putative inputs. Hence, questions about the
mechanisms underlying directionality in this system remain
unanswered.

Field crickets possess two tympanal membranes (TMs)
on each fore-tibia, the anterior tympanal membrane (ATM)
and the posterior tympanal membrane (PTM). The two
membranes are markedly asymmetric in several properties.
The ATM is signiWcantly smaller than the PTM and
responds signiWcantly less than the PTM to acoustic
stimulation (Larsen and Michelsen 1978; Larsen 1987).
Behaviourally, the occlusion of the ATM with wax does
not signiWcantly disrupt phonotaxis (Bailey and Thomson
1977), whereas when the PTM is occluded, the threshold
for this behaviour is raised signiWcantly (Huber et al. 1984).
It has been shown that if the vibrations of the PTM are pre-
vented, neuronal responses to the sound are eliminated
(Kleindienst et al. 1983). Hence, it is believed that the
PTMs are principally responsible for hearing among Weld
crickets, while the ATMs play a minor role when the PTMs
are occluded (Huber et al. 1984; Schmitz 1985; Larsen
1987).

The TMs of tree crickets however do not show a marked
size diVerence; the ATM is slightly larger than the PTM,
whereas in Weld crickets, the PTM is signiWcantly larger
than the ATM. The two membranes are also structurally
more complex than Weld cricket membranes. These struc-
tural dissimilarities suggest that there might be diVerences
in the functions of the ATM and PTM between Weld crick-
ets and tree crickets.

In this paper, we have thus investigated the mechanical
responses of the ATM and PTM of a tree cricket (Oecan-
thus henryi) to sound using microscanning laser Doppler
vibrometry. We have focused on the magnitude of the
response of the ATM and PTM at diVerent sound frequen-
cies and the phase of the motion of the two membranes with
respect to each other.

Materials and methods

Animals

Experiments were carried out using nine wild-caught adult
O. henryi females. O. henryi is a tree cricket species found
in southern India and Sri Lanka (Chopard 1969; Metrani
and Balakrishnan 2005). The animals were maintained indi-
vidually in plastic vials with foam caps in the laboratory
under standard conditions of 12:12 h light:dark cycles at

room temperature (26–28°C). Food (apple pieces) and
water were provided ad libitum. In order to make tympanic
vibration measurements, each animal was immobilized
ventrum down, and dorsally glued to a rectangular brass bar
(5 £ 1 £ 60 mm) using liquid latex (Magnacraft, Midhurst,
UK). The brass bar was connected to a metal rod (150 mm
long, 8 mm diameter) by a thumbscrew, allowing the ani-
mal to be manipulated into required position. The legs of
the animal were placed in a standing posture, ATM for-
ward, and the tarsi glued to a wooden balsa block, which
was also mounted on a brass bar connected to a rod with a
thumbscrew. See Fig. 2 for details of the preparation.

Measurements were made on both the ATM and PTM
of one ear. The animal was oriented such that the laser
vibrometer could be repositioned around it and was able to
scan each tympanal membrane separately. The laser beam
was perpendicular to the tympanal membrane being mea-
sured and could scan its entire surface. Ipsilateral stimula-
tion was used in all of the experiments described in this
paper.

All experiments were carried out on a vibration isolation
table (TMC 784-443-12R; Technical Manufacturing Corp.,
Peabody, MA, USA) at room temperature (26–28°C). The
vibration isolation table and the experimental setup on it

Fig. 2 Design of experimental arena and preparation. Not to scale
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were placed in an acoustic isolation booth (IAC series
1204A; 4.50 £ 2.25 £ 1.98 m; Industrial Acoustics, Bronx,
NY, USA).

Morphology

For morphological studies of the tympanum, the fore-
tibiae were removed from two freshly killed females and
tympanal structure observed using scanning electron
microscopy (SEM). Specimens mounted on stubs were
gold-coated and studied using a Philips 501B Scanning
Microscope (Netherlands, Eindhoven). SEM images were
digitized with a Keithley DAS 1202 plug in card (Keithley
Instruments, Tauton, MA, USA), and the software SEM
1.2 (A. Gebert & G. Preiss, Medical School, Lab of Cell
and Electron Microscopy, Hannover, Germany). Details of
the tympanal orientation were studied using transverse
sections of the fore-tibia according to the process
described by Di Sant’Agnese and De Mesy Jensen (1984).
Microtome sections were mounted on slides and examined
in a light transmission microscope (JEOL, 1200 EX,
Tokyo, Japan).

Acoustic stimulation and mechanical measurements

The mechanical response of the two membranes to sound
was investigated using both broadband acoustic stimuli
(periodic chirps) and pure-tone stimuli. In particular, we
concentrated on the magnitude of response shown by both
membranes and the phase of the motion of the two mem-
branes with respect to each other. The SPLs of the stimuli
used for our experiments were based on both calling song
SPLs recorded from males in the Weld and on SPLs known
to be suYcient to produce localization behaviour in females
(personal observation R. Balakrishnan). The wideband sig-
nals were always presented at 40 mPa [66 dB SPL (re
2 £ 10¡5 N/m2), from 2 to 7 kHz] and 15 mPa [57 dB SPL
(re 2 £ 10¡5 N/m2), from 2 to 20 kHz]. The amplitude of
the signals was kept constant over the entire frequency
range (Fig. 3a). The sinusoidal signals were presented at
4 Pa peak to peak (Fig. 3b).

Vibrations of the ATM and PTM were examined in
response to acoustic stimulation by periodic chirp signals of
frequency range 2–7 and 2–20 kHz (Fig. 3a). The wideband
signals were generated by the Polytec Scanning Vibrometer

Fig. 3 Acoustic stimuli and mechanical response of the anterior and
posterior tympanal membranes. a Frequency spectrum of the incident
stimulus, the reference signal over the two bandwidths used for stim-
ulating the specimen. b An example of the stimuli (at 3 kHz) used for
examining the time domain responses of the tympanal membranes.
The RMS sound pressure levels of the diVerent parts of the stimulus
are indicated in the Wgure. c The coherence between the vibrometer

and microphone signals of the parts of the two tympanal membranes
that show the maximal deXection when stimulated with sound.
d Coherence maps of the two tympanal membranes of the right leg of an
individual between 2.3 and 3.3 kHz, the range of frequencies at which
O. henryi males are known to call (optimal coherence obtained at 1).
e The displacement of diVerent parts of the same tympanal membranes
in nm/Pa when stimulated by sound within the same bandwidth
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software (version 7.4, Polytec Gmbh, Waldbronn, Ger-
many) through a data acquisition board (National Instru-
ments, PCI-4451; Austin, TX, USA), ampliWed (Sony
AmpliWer Model TA-FE570; Tokyo, Japan) and passed to a
loudspeaker (ESS AMT-1; ESS Laboratory, Inc., Sacra-
mento, CA, USA) positioned 13 cm from the animal. The
TMs were also stimulated using sinusoidal sound waves at
diVerent frequencies (2.5, 3, 4, 4.5, 5 and 7 kHz) presented
either in one or four cycle bursts (Fig. 3b) produced using a
signal generator (Agilent 33120A, Agilent Technologies,
Santa Clara, California, USA), ampliWed and broadcast in
the same way as the periodic chirps. Acoustic stimuli were
measured and recorded simultaneously with the vibromet-
ric measurements using a 1/8 inch precision pressure
microphone (Brüel and Kjær, 4138; Naerum, Denmark)
and preampliWer (Brüel and Kjær, 2633). The microphone
has a Xat response in the measured frequency range. The
microphone was positioned approximately 2 mm directly
above the thorax of the animal.

Vibration velocities at diVerent points on the TMs on a
scanning lattice were measured simultaneously with the
acoustic stimuli. Vibration velocities were measured using
a microscanning laser Doppler vibrometer (Polytec PSV-
300-F; Waldbronn, Germany) with an OFV-056 scanning
head Wtted with a close-up attachment. This allows the laser
spot (»5 �m diameter) to be positioned with an accuracy of
»1 �m. Measurements across an entire TM could be taken
without readjusting the position of any component in the
experiment. The laser spot position was monitored via a
live video feed to the vibrometer’s controlling computer.
This allowed us to correlate the motion of the two TMs
with their morphological structure.

Evaluation of data

The analysis of membrane velocity and the SPL was carried
out by the laser control software (Polytec Scanning Vib-
rometer, version 7.4, Polytec GmbH, Waldbronn, Ger-
many) in the vibrometer’s control PC. The velocity of
vibration of the membrane was sampled simultaneously
with the acoustic signal at a minimum sampling rate of
82 kHz. Averages of 20–50 responses were made at each
point in the scanning lattice. Using an Fast Fourier trans-
form (FFT) with a rectangular window, a frequency spec-
trum was produced with a resolution of 6.25 Hz for the
smaller bandwidth signal and a resolution of 62.5 Hz for
the larger bandwidth. The laser and microphone signals
were then used to calculate diVerent quantities such as the
gain and phase of the responses. Data from all points across
the lattice were used to generate proWles and animations of
tympanal deXections in the bandwidth of interest, i.e. the
bandwidth of the frequencies of calling song of O. henryi as
recorded in the Weld (Metrani and Balakrishnan 2005). For

this study, the transfer function (m/Pa) of the membrane
displacement (m) with respect to the reference sound level
of the acoustic stimulus (Pa) and the coherence between the
vibrometer and the microphone signals was calculated as in
Windmill et al. (2005). When coherence exceeded 85% in
parts of the membrane that showed signiWcant displace-
ment, the data were considered reliable (Fig. 3c).

Results

Tree cricket tympanal membranes: anatomy

The TMs are present on the proximal part of the fore-tibiae
(Fig. 1a). The part of the leg that accommodates these
membranes is Xattened along the antero-posterior axis, but
is inXated laterally (Fig. 1a, g). The ATM is slightly larger
than the PTM (Fig. 1b) and is structurally more complex,
having more pronounced transverse folds in the central and
distal regions, and a pit-like structure at the proximal end
(Fig. 1b, c, d). The PTM in comparison has transverse folds
that are much less pronounced only on the distal part of the
membrane (Fig. 1e). The ATM has a thickness of approxi-
mately 2 �m in section (Fig. 1f). The PTM appears to have
a similar thickness (Fig. 1g). The two membranes form an
angle of circa 60° (each membrane is oriented at 30° from
the sagittal plane that longitudinally divides the leg in two
halves) (Fig. 1g).

Tree cricket tympanal membranes: mechanical responses

The calling songs of O. henryi males recorded in the Weld
varied with changing temperature between 2.3 and 3.3 kHz
(Metrani and Balakrishnan 2005). When stimulated with
sound within this band of frequencies, a large proportion of
the two membranes moved coherently with sound (Fig. 3d).
SigniWcant motion in the two TMs, however, was restricted
to small portions of the membranes (Fig. 3e). High coher-
ence in the bandwidth of interest, i.e. above 85% (Fig. 3c),
was recorded only within these areas of the membrane.
Since the positions of the scanning lattice on the membranes
were aligned with a live video feed of the membrane, the
mobile areas could be identiWed with respect to the micro-
structure of the membranes. These areas were found to lie
close to the region of the TMs, where the transverse folds
are. In the ATM, the part of the membrane that showed
maximal deXection appeared to lie on the pronounced folds
in the central region (Figs. 1b, 3e). The mobile areas of the
ATM and the PTM, on the basis of the orientation of the two
membranes with respect to each other and their positions on
the TMs, appeared to be aligned with each other (Fig. 3e).

The absolute amount of displacement in the mobile areas
of the two membranes was, however, quite small. In the
123
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band of frequencies of interest, at the behaviourally
relevant stimulus SPL used, i.e. 66 dB SPL, for the exem-
plar female in Fig. 3, the point that showed maximal deXec-
tion on the ATM moved about 0.4 nm (Fig. 3e). The
corresponding average value across all animals was 0.24 §
0.08 nm (mean § SE, N = 9). On the PTM, the correspond-
ing value for the exemplar membrane was 0.2 nm (Fig. 3e)
and the average across all animals was 0.20 § 0.09 nm
(mean § SE, N = 9). In comparison, the TMs were approxi-
mately 2,000 nm in thickness (Fig. 1f).

In order to study the deXection envelopes of the mobile
areas, two transect lines were drawn across them. One was
drawn along the length of the mobile area in the longitudi-
nal direction and the other along the width in the latitudinal
direction (Fig. 4a). A stimulus of 3 kHz was used to investi-
gate the deXection envelopes of the membrane, since this
was the approximate frequency at which O. henryi males

would call at the temperatures recorded in the anechoic
chamber (Metrani and Balakrishnan 2005). The instanta-
neous velocities of the membrane at all points along the
transects were recorded and plotted at 13° intervals. The
deXection envelopes of the membrane (Fig. 4b) in response
to a single cycle of acoustic stimulus were recorded
(Fig. 4c). The instantaneous velocity through the entire
stimulation cycle as recorded at the point that shows maxi-
mal velocity is also shown (Fig. 4d). The part of the mem-
brane response that is depicted in Fig. 4b is highlighted in
Fig. 4d.

At this frequency, the TMs appeared to show simple
standing wave-like behaviour (Fig. 4b). The nodes of the
standing wave lay within the membrane and did not coin-
cide with the part of the membrane that was attached to the
leg cuticle. The anti-node of the standing wave, the point on
the membrane that showed the maximal deXection, also

Fig. 4 Envelopes of the deXec-
tions of the tympanal mem-
branes (right leg) along transect 
lines in response to a sinusoidal 
stimulus at 3 kHz. a The posi-
tions of the transect lines are 
shown on a displacement map on 
the anterior and posterior tympa-
nal membrane. b DeXection 
envelopes showing instanta-
neous velocities along the tran-
sects on both tympanal 
membranes at diVerent phases in 
a complete stimulus cycle. Since 
the laser assembly was moved to 
record from both tympanal 
membranes, the distances on the 
X axis between the two tympanal 
membranes are not comparable, 
but are only comparable within 
each tympanal membrane plot. 
c The stimulus used to excite the 
tympanal membranes. The cycle 
of the stimulus, which was used 
to construct the deXection 
envelopes, is highlighted in red. 
d The response of the membrane 
to the presented stimulus as mea-
sured at the point on the mem-
brane that deXects with the 
greatest velocity. The part of the 
response, which corresponds to 
the stimulus in time, is high-
lighted in red
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remained nearly constant throughout the cycle (Fig. 4b).
The maximal velocity shown by the TMs in response to the
stimulation was quite low. For the exemplar female in
Fig. 4, the maximal velocity on both TMs was only about
0.3 mm/s, which is comparable to the maximal velocity of
‘non-functional’ ATM and cuticle in Gryllus campestris
(Larsen and Michelsen 1978). The average maximal velocity
across females for the ATM was 0.37 § 0.07 mm/s
(mean § SD, N = 6) and for the PTM was 0.40 § 0.2 mm/s
(mean §SD, N = 6).

DiVerential responses of the anterior and posterior
tympanal membranes

The response gains of the maximal deXection points on
ATM and PTM across a broad range of frequencies were
calculated with respect to the acoustic stimuli (Fig. 5a, c).
Similarly, the phases of the mechanical vibrations with
respect to the acoustical stimuli at these points on the TMs
were also calculated (ATM: Fig. 5b; PTM: Fig. 5d). Both
the ATM and the PTM showed similar levels of displace-

ment in response to sound across a range of frequencies
(Fig. 5a, c). There were also no marked phase transitions in
the range of 2–7 kHz (with the exception of one animal;
Fig. 5b, d). The phase of the membrane response gradually
drifted away from the 0° baseline with an increase in fre-
quency. This drift is probably due to the small time delay
between the signal reaching the microphone and the tympa-
nal membrane. This delay will increase in terms of phase at
higher frequencies causing the pattern seen here (Fig. 5b,
d). In the broader frequency band, we saw the phase spec-
trum drifting below ¡180° and the phase plot becomes
noisier thereafter, but yet does not show marked phase tran-
sition behaviour.

When the response gain of each ATM was subtracted
from the response gain of the PTM of the same female,
diVerence spectra were obtained (green traces in Fig. 5e).
The average diVerence spectra for response gain showed
that the diVerence between the two TMs was very close to
0 nm/Pa across a wide range of frequencies (red trace in
Fig. 5e). This suggests that both membranes are equally
displaced by acoustic stimulation.

Fig. 5 Mechanical response of the ATM and the PTM at the point
of maximal deXection in each membrane. Data are based on nine fe-
males each plotted in green. The average responses are plotted in red.
a Response gain and b phase of membrane vibrations of the anterior
tympanal membranes. The inset shows data for the broader bandwidth
between 2 and 20 kHz. c Response gain and d phase of membrane
vibrations of the posterior tympanal membranes. The inset shows data

for the broader bandwidth between 2 and 20 kHz. e DiVerence
between the response gain of the ATM and the PTM. The inset shows
the same data on a decibel scale. f DiVerence between the response
phase of the ATM and the PTM. The response gains and the phases of
the membrane vibrations are based on the transfer functions between
the measured vibrations and the measured incident acoustic stimuli
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To determine the direction of displacement of the two
membranes with respect to each other, the phases of the
mechanical vibrations of the TMs with respect to the acous-
tic stimuli were subtracted from each other. The diVerence
spectra between the phases of the two membranes tended to
0° both in individual samples, (with a single exception,
green traces in Fig. 5f) and on average (red trace in Fig. 5f).

In order to interpret these data, let us consider two possi-
bilities. Either the membranes move in the same direction
or they move in opposite directions (Fig. 6a). If the mem-
branes move in the same direction, one of the membranes
will move out of phase with respect to the external pres-
sure, i.e. the acoustic stimuli (Fig. 6a). If the membranes
move in opposite directions, each membrane will move in
phase with respect to external pressure, i.e. the acoustic
stimuli (Fig. 6a). Hence, when the vibrations of the ATM
and the PTM are in phase with acoustic stimuli, it means
that the two membranes are moving in opposite directions
(Fig. 6a). As we can see, in this case (Fig. 6a), the phase of
vibrometric measurements of the two TMs will be the same
and the phase diVerence spectrum will tend to 0°. In con-
trast, if one of the membranes moves out of phase with the
acoustic stimuli, then the two membranes are moving in the
same direction (Fig. 6a) and the vibrometric measurements
of the two TMs will be diVerent and the diVerence spectrum
will tend to 180°. Since the diVerence spectrum of the two
membranes of O. henryi tend to 0° (Fig. 5f), it appears that
the ATM and PTM in O. henryi move in opposite direc-
tions with respect to each other, causing compressions and
rarefactions of the tracheal volume backing the tympanal
system.

To conWrm the expectations derived from this data, the
membrane responses to sinusoidal sound stimuli were
examined. The acoustic stimuli used to stimulate the ATM
and PTM were aligned in time in order to account for small
diVerences in when the stimulus appears in the recording
window (Fig. 6b). The responses of the two membranes
were then aligned in time to their respective stimuli in order
to account for transmission delays between the microphone
and vibrometer signals. When these time-corrected signals
were viewed with respect to each other, the ATM and PTM
vibrometer traces were seen to be in phase with their acous-
tic stimuli (Fig. 6c) and hence in opposite directions with
respect to each other (Fig. 6a), conWrming the inference
made from Fig. 5f.

Discussion

Tree cricket tympanal membranes

The TMs of O. henryi are not only anatomically diVerent
and more structurally complex compared to those of gryllid

membranes, but also quite distinct in vibrational behaviour.
The entire TMs of G. pennsylvanicus appear to vibrate in
response to sound (Paton et al. 1977). Our observations of
the tympanal membrane of G. bimaculatus using the same
setup as described in this paper show that the entire TM
vibrates. The parts of the membrane attached to the leg
cuticle behave like the nodes and the central portion like the
anti-node (Fig. 7). The O. henryi TMs, however, show
quite distinct behaviour. Only small portions of the TMs
were set in motion in response to sound. Both the nodes and
the anti-nodes of the vibrating portion lay within the TMs
(Fig. 3e).

The velocity of the G. bimaculatus ATM near conspe-
ciWc song frequency at a stimulation SPL of 100 dB is
reported to be 0.3 mm/s, the PTM under presumably
similar stimulus conditions being about 5 mm/s (Larsen
and Michelsen 1978). In contrast, both the ATM and PTM
of O. henryi show a vibration velocity similar to the

Fig. 6 Response of ATM and PTM of an animal in the time domain
when stimulated with sound at 3 kHz. a Cartoons depicting the motion
of the membranes and the corresponding vibrometer and microphone
recordings that would be obtained if the two membranes moved in the
same or opposite directions. The stippled arrows in the upper panels
represent the direction of the forces applied by sound pressure on the
tympanal membranes in the rarefaction and compression phases of a
cycle of sound. The red arrows indicate the direction of vibration of
the membrane as measured by the laser Doppler vibrometer. The
waveforms shown below depict the waveforms that will be obtained
by the microphone and those obtained by the vibrometer for TM1 and
TM2. See text for details. b Incident acoustic stimuli recorded
when measuring the mechanical vibrations of the ATM and the
PTM. c Recorded response of the ATM and the PTM at the point of
maximal velocity on each membrane
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G. bimaculatus ATM velocity, which was believed to be
too small to be physiologically relevant, at least when the
PTM was intact (Larsen and Michelsen 1978; Larsen
1987). Also, the average displacement of the O. henryi
ATM and PTM (0.2–0.25 nm) at behaviourally relevant
stimulus intensities (Rohini Balakrishnan and Monisha
Bhattacharya, personal communication) was only a small
fraction of the apparent membrane thickness (2,000 nm).
However, mechano-sensory neurons are capable of
responding to similar deXection levels usually using active
auditory processes. Mosquito antennae when deXected by
near-Weld sound by as little as 7 nm at the tip and 0.3 nm at
the base of the Johnston’s organ generate a neuronal
response (Robert and Göpfert 2002). It is unknown whether
O. henryi TM thickness is spatially variable and whether
the membrane becomes thinner in the region that shows
displacement. A more complete histological investigation
of the tympanal organ of O. henryi will be required to
investigate this possibility.

DiVerential response of the two TMs

The two O. henryi TMs are not only similar in size, but also
similar in response amplitude, unlike the G. bimaculatus
TMs which show a 20- to 50-fold or 20 dB diVerence in
response velocity (Larsen and Michelsen 1978; Larsen
1987). The positions of the responsive parts of the O. hen-
ryi TMs appear to lie close to each other in space. The anti-
nodes of the two areas move out of phase with each other,
thus creating compressions and rarefactions in the tracheal
volume backing the tympanal organ, in phase with the
external sound pressure. Thus, since the TMs are moving at
circa equal amplitudes in opposite directions, the total dis-
placement aVecting the stretch receptors in the tympanal
organ could be eVectively doubled if the receptors were

placed between these two mobile regions of the TMs. This
would provide a larger signal than if the TMs moved in the
same direction. In contrast, the two G. bimaculatus TMs at
5 kHz appear to move in the same direction (since one of
them moves out of phase with its acoustic stimuli)
(observed in Figs. 4, 5 in Larsen and Michelsen 1978). In
this situation, it is possible that the larger PTM forces the
motion of the smaller ATM.

Finally, it remains to be investigated whether the two
membranes are mechanically coupled in any way and
directly interact with each other. This is especially interest-
ing in view of directionality generated by mechanically
coupled TMs that have been discovered in other small
insects (Robert et al. 1996, 1999; Robert 2005). O. henryi
and tree crickets in general as mentioned before are much
smaller than G. bimaculatus. The mechanism shown to pro-
duce directionality in the Weld cricket system remains to be
examined in the tree cricket system. The mechanism sug-
gested for producing directional cues in the Weld cricket
system would be insuYcient to produce such cues in the
tree cricket system, leaving open the question of whether
and how directionality is produced in the ears of these
insects. The distinctive behaviour of the ATM and PTM of
this insect suggests interesting new possibilities particularly
vis-à-vis directionality producing mechanisms in other
small insects that have been investigated (Miles and Hoy
2006).
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Fig. 7 Area scan and deXection 
shapes of the PTM in Gryllus 
bimaculatus. Orientation image 
relating tympanal topography 
(a) to the position of the scan-
ning lattice (b, c). (d–e) Area 
scans of tympanal deXections at 
5 kHz. The deXections are 
shown as two perspectives, look-
ing at the tympanum from its 
side, and each time for four 
diVerent phases. Note that maxi-
mal deXection occurs in the cen-
tral region of the membrane. Red 
indicates positive displacement 
(or outward tympanal deXec-
tions), and green indicates nega-
tive displacement (or inward 
tympanal deXections)
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