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Substrate vibrations are important in social and ecological interactions for many insects and other
arthropods. Localization cues include time and amplitude differences among an array of vibration
detectors. However, for small species these cues are greatly reduced, and localization mechanisms
remain unclear. Here we describe a method of simulating the vibrational environment that facilitates
investigation of localization mechanisms in small species. Our model species was the treehopper
Umbonia crassicornigMembracidae; length 1 cimwhich communicates using bending waves that
propagate along plant stems. We designed a simulator consisting of a length of dowel and two
actuators. The actuators were driven with two time signals that created the relationship between
slope and displacement characteristic of steady-state bending wave motion. Because the surface of
the dowel does not bend, as would a natural stem, close approximation of bending wave motion was
limited to a region in the center of the dowel. An example of measurements of the dynamic response
of an insect on the simulator is provided to illustrate its utility in the study of directional vibration
sensing in insects. @001 Acoustical Society of AmericdDOI: 10.1121/1.1369106

PACS numbers: 43.80.Ev, 43.80.Gx, 43.40.Y(q, 43.4Q0WA]

I. INTRODUCTION small species in locating a sound source might therefore sug-
cpest mechanisms that can be applied across modalities. In

o ! . ound localization, very small species can use a form of me-
ecological interactions for many insects and other arthropod% . y P oo .
chanical pre-processing to enhance directional cues. This

(reviewed in Markl, 1983; Gogala, 1985; Henry, 1994; Stew- """ T : :
art, 1997; Barth, 1998In contexts such as mate searching o principle is illustrated by the flyOrmia ochracea(Tachin-
! ' ' idae, which locates singing crickets using sound wave-

rey detection, it is often necessary to locate the vibratio , ) ,
prey y engths over 200 times greater than the distance between its

source. In principle, the direction of propagation of substrat | heari The bi hanical
vibrations can be determined using differences in arrivafV® tympanal hearing organs. The biomechanical response

time or amplitude between detectors that are sufficientyP! (€ tympana, which are mechanically coupled, converts an

widely spaced. Vibration receptors in arthropods are typi_mteraural time difference of 1.5 microseconds into large, di-

cally in the legs(e.g., Kalmring, 1985 which form an array rectional amplitude di_fferences that can be easily detected by
of detectors in contact with the substrate. For relatively largdh€ nervous systertMiles etal, 1993. _
speciegwith legs spanning 5 to 10 dmindividuals are able In general, the form of mechamcal d|rgct|onallty seen in
to determine source direction using either arrival time differ-the fly €ar can be produced by the interaction of two resonant
ences(Brownell and Farley, 1979; Hergenroder and Barth,mOdes of vibration in a structure that responds to propagat-
1983; Aicher and Tautz, 1990or an amplitude gradient ing waves(Miles et al, 1995. One mode must respond to
(Brownell and Farley, 1979; Latimer and Schatral, 1983;the phase, or the spatial gradient of the quantity being de-
Hergenroder and Barth, 1983; Coid al, 1985. However, tected, while the other mode must respond to the spatial av-
the size range of species using substrate vibration spans ov@iadge of the quantity over the region sampled. Given these
two orders of magnitude. Smaller species are faced with &Sponse properties, the two modes can combine to convert a
more difficult localization task. Stimulus wavelengths aresmall phase difference across the region into a large ampli-
many times longer than the insects’ dimensions, and the timiide difference at different points on the structu@erzon,
and amplitude differences among inputs are extremely smallt994. An analogous form of mechanical directionality could
It is not clear that the mechanisms used by large species caf principle be produced by a system responding to vibra-
function at these smaller scalésee Brownell, 1977; Cokl tional waves propagating across a substrate. In insects, how-
et al, 1985. If not, then any localization by small species €ver, the design of the system is likely to differ substantially
must employ as-yet unknown directional mechanisms. from those used in sound reception. While sound receptors in
The scaling problem encountered in locating a vibrationinsects are located within specialized exoskeletal structures
source is paralleled in acoustic sensing. For airborne sound)at respond to pressure waves, vibration receptors are lo-
however, there is a clearer understanding of the mechanisngated in more generalized structures such as the legs. Me-

used at different size scales. The solutions provided by verghanical directionality in the response to substrate vibrations,
if it exists, is thus likely to involve motion of the body as a

a o . whole rather than of a localized sensory structure. If the pri-
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Ppresent address: Division of Biological Sciences, University of Missouri,mary receptprs are in the legs, these are likely to respond to
Columbia, MO 65211. relative motion between the body and the substrate. Detect-
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ing the propagation direction of waves on the substrate
would then involve processing differences in the responses
of receptors on different legs.

The properties of natural vibrational environments pose
challenges for investigating the influence of direction on an
insect’s mechanical response to substrate vibration. Foremost}
is the heterogeneity and severe filtering properties of natural
substrates(Michelsen et al, 1982; Keuper and Kuhne,
1983. Because of these unpredictable influences on vibra-
tion transmission, it is difficult to deliver stimuli that are
identical in every respect but propagation direction. For ex-
ample, using a natural substrate, with two drivers some dis-
tance apart and an insect in the middle, the substrate will
introduce changes in stimulus phase and frequency spectrum
that can be difficult to compensate for. For these reasons, a
careful investigation of mechanical directionality requires
greater control over the vibrational environment experienced
by the insect.

In this report we describe a new method for investigat-FIG. 1. Umbonia crassicornigtotal length 10 mmon the bending wave
ing the role of direction in the mechanical response to subSimulator. The insect's feet occupy a portion of the dodehgth 30 mm,

. . . . diameter 6 mmextending less than 1/8th the distance between the actuators
strate vibrations, one that provides precise control over thﬁ] either direction from the middle. It is necessary to simulate a bending
vibrational environment. Our study system is a small insectvave only over this narrow portion. From Cocret al. (2000, reprinted
that communicates using bending waves traveling throughith permission.
the stems of plants. We designed a simulator that provides
accurate control of the frequency, intensity, and direction ofchanical response of the body. This species is also an appro-
propagation of a vibration stimulus. We first describe thepriate study system because substrate-borne vibrations are
study species and its natural vibrational environment. Weeentral to their biology. Both adults and juveniles use com-
then present the theoretical background used to simulate thisunication signals that propagate through the plant in the
environment. Finally, we describe the performance of thgform of bending wave¢Cocroftet al, 2000. These signals
simulator relative to ideal bending waves propagating alondunction in parent-offspring interactiongCocroft, 1996,

a stem. We also illustrate the use of the simulator with arll999 and in the mate-locating behavior of adu(tSocroft
example of data that suggest directionality in the dynamigersonal observationsMost of the energy in these signals is
response of an insect to substrate vibrations. below 4000 Hz(Cocroft, 1999.

Il. STUDY SYSTEM lll. THEORY

The stems and leaves of plants constitute one of the Our goal was to create a simulator that produced a vi-
most widespread substrates used by arthropods in commuriiration environment at the insect’'s feet that closely re-
cation and predator-prey interactiottdenry, 1994; Stewart, sembled that due to steady-state bending wave motion. We
1997%. In theory, a number of wave types could propagatethen wished to examine the mechanical response of the in-
along a rodlike structure such as a plant si@harkl, 1983;  sect’s body to the direction of substrate vibration; i.e., how
Gogala, 1985; Cremer and Heckl, 198Blowever, the most the body moves relative to the substrate when the stimulus
important wave type for biological interactions is bending propagates from in front of or behind the insect. To measure
waves(Cocroftet al, 2000 and references thergiBecause the influence of direction on the mechanical response of the
of the potential in natural substrates for reflected waves antlody, we needed to be able to electronically switch the di-
unpredictable amplitude attenuation patterns, vibration transsection of propagation between measurements, without alter-
mission in nature will not always resemble a pure bendingng the position or posture of the insect.
wave propagating in one direction along an ideal béam., The simulator, as shown in Fig. 1, consists of a short
Michelsen et al, 1982. However, in spite of these con- segment of dowel30 mm long, 6 mm in diametgmwith
straints, bending waves are known to be used by insects amdezoceramic actuators on each end. The actuators were
spiders that communicate using plant-borne vibrationdonded to the dowel with epoxy parallel to each other and
(Michelsenet al, 1982; Keuper and Kuhne, 1983; Barth, perpendicular to the long axis of the dowel. The other ends
1993, 1998 of the actuators were bonded to a rigid metal fixture. Signals

The thornbug treehoppéymbonia crassicornigMem-  input into the actuators created motions at each end of the
bracidag¢ is a sap-feeding insect about 1 cm long. Thornbugsiowel so that the motion at its center mimicked that of bend-
spend most of their lives on the surface of their hostplantsing waves on a typical host plant stem. The diameter of the
and for much of this time they are sedent&wWood, 1983. dowel is similar to that of typical host plant stems, and the
Accordingly, all of our vibration measurements have beerinsect rests on the stem in a natural position.
made using freestanding individuals. The ability to do thisis  In order to simulate bending wave motion at the center
important, because restraining the insects would alter the mef the dowel, the two actuators must create a carefully con-
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trolled combination of displacement and slope at the center.  H,_, (w)=—1k. (7)
To examine the type of motion the simulator needs to create, *

consider the equation of motion for a beam in bending, Our goal is to impose motion at the ends of the dowel
4 such that the response in the vicinity of the insect follows
MJFPAW(X t)=0 (1) Eq. (7). Let the displacements imposed at the ends of the

ax* ’ ’ dowel bey,(t) andy,(t). If we assume that the dowel re-

whereE is Young’s modulus of elasticity, is the area mo- Mains rigid, the displacementy,(t), and the slopedy(t) at
ment if inertia,w(x,t) is the beam displacemen,is the the middie will be

mass density, and is the cross sectional areais the po- (1) +Y,(t) (t)—y4(t)

sition along the beam artdis time. Ym(t)= i 2y2 . On(t)= % (8
If we assume that a steady-state bending wave travels in

the positive direction the response can be written as whered is the length of the dowel. Equatiof®) enable us to
W(x,t)=We ks @ relate the transfer function between the motions at the ends

of the doweI,Hylyz(w), to transfer function between the

where W is the amplitude,w is the frequency in radians/ displacement and slope at the middte, , (o),
secondj=+/—1, k=w/c is the wave number, andis the e

propagation speed of the wave. Substitution of &y.into 1+(diHy 4 (0)  1-7kd/2
Eq. (1) gives the phase speed, Hyy, (@)= 1—(di2H, , () T 117kd/2 ©)
1/4
c= \/Z(E (3)  where we have assumed that the relationship between dis-
pA placement and slope at the middle of the dowel should be the

The propagation velocity of bending waves will vary in same as given in Eq7),
relation to the characteristics of the particular stem through o~

. . . . H =—1k=H . 10

which they are traveling. This velocity can be expressed as wa () Yt @) (10

c~co\T, 4) If it is possible to create two random displacements at the
ends of the dowely,(t) andy,(t) that are related to each
wherec, is a constant andlis the frequency in hertz. Mea- other through the transfer function given in ), then the
surements of the phase propagation velocity of bendingnotion at the middle of the dowel will provide a reasonable
waves in plant systems yield estimatesogfranging from  simulation of a traveling bending wave.

1.3 to 2.5(calculated from data in Michelsegt al, 1982. Of course, since the dowel is assumed to remain straight,
Phase propagation velocities measured in stemd.afras- it clearly will not accurately represent bending motion over
sicornishost plantgCalliandra haematocephalayield esti- jts entire length. If one wishes to design a simulator for

mates ofc, of 2.2 and 2.4(Cocroft, unpublished dataFor  bending waves over a specified range of frequencies and
this study we chose a value of 2(this value can easily be over a known portion of the dowel, it is helpful to be able to
changed if a different velocity is desined’he wave number estimate the expected discrepancy between the motion of the

may then be expressed as dowel at each location along its length and the desired bend-
0  2mf ing wave motion. Given the displacement and slope at the
K= — = _:277\/?/%, (5) middle of the dowely(t) and 6,,(t), the displacement at
ccﬁ any point is given by
with units of radians/meter. Y(X, 1) =yn(t) +x60,(1), (11

Because the simulator consists of a rigid dowel sup- h denotes th i | the d | relative to th
ported on two actuatord-ig. 1) it is possible to control only wherex denotes the position along the dowel refative 1o the

the slope and displacement of the motion at a given poin — pomt._ By using Eq(1D) it can b(_a shown that the
along its length. The rigidity of the dowel does not allow ransfer functionHy, (o), betwee.n the displacement at any
actual bending motion which requires curvature of the subPoInt, y(x,t), and the slop&in(t), is
strate. This somewhat simplified apparatus does, however,
permit us to closely approximate the displacement and rota- g (@)= .
tion due to true bending wave motion, at least for a region at Y (1—1kx)
the center of the dowel. To do this, we need to determine thgye ratio of the simulated and desired transfer functions as a
required motion at each end of the dowel such that the,ction of position along the dowel is then
middle of the dowel has the desired relationship between
slope and displacement. Hyy (o) 1

For a displacement given by E¢), the slope of the Ho o, (@) (1-1kx)" (13
substrate is YmPm

H ymem( o) 12)

Equation (13) may be used to determine the error in the
bending wave simulation as a function of position. The value
From Eqgs(2) and(6) it can be seen that the transfer function of k may be determined as in the discussion preceding
between the displacement and slope at any point will be  Eg. (5).

W, (X,t) = —TkWd(et—ko, (6)
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lar to that of the insects’ communication signals. As reported

CPU D/A Signal DC Bias by Cocroftet al. (2000, RMS values from measurements of

Output signals created by insects on typical plant stems ranged from
< 0.2 mm/s for females to 1.3 mm/s for males. RMS values for
v simulated random noise signals on the dowel near the in-
r :
Data ) Low-Pass sect’s tarsus ranged from 0.1 mm/s to 0.3 mm/s.
Acquisition [ Filter Each measurement was stored in the form of a transfer
¥__B_(:?rd_/ - function relative to the random signal sent to the upper ac-
tuator (acquired by the FAST16 boardUsing the output
f _ signal as a standard allowed us to then compare nonsimulta-
Band-Pass Bending Wave neous measurements made along the dowel and thus charac-
Filter Simulator . .
terize motion of the dowel as a whole.
1 The laser vibrometer and the simulator were mounted on
[@ - Amplifier a Newport RS 6000 ‘X6’ x8" Optical Table to ensure that
environmental vibrations did not influence the measure-
ments.
FIG. 2. Experimental setup for the bending wave simulator. B. Simulator performance
To examine the accuracy of the simulated bending
IV. METHODS waves, response measurements were made at nine equally
A. Experimental setup spaced points along the entire length of the dowel. As men-

h i of th . | is sh . _. tioned above, all data were stored as transfer functions be-
A schematic of the experimental setup is shown in Fig.yeen the displacement response and the input into the upper

2. A personal computer was used to generate the randoly jator. | etH,(w) denote this measured transfer function
signals sent to the actuators on the dowel and to acquire a%rresponding to location wherei=1,...,9. If we again as-

analyze the vibration data. Random signals were used b%’ume that the dowel moves as a rigid body, the slope, or

cause they are very convenient for characterizing the dyfotation of the dowel can be approximated by
namic response, which was the primary interest in this study.

If the simulator is to be used for behavioral studies, the sys- O(w)= Ho(w)—Hj(w)
tem will be modified to simulate insect calls. A Microstar @)= d '

DAP 2400/6 data acquisition PC board was used to Outpu\}vhere, againd is the total length of the dowel. The relation-

the two analog signals to drive the actuators. These two sig-, . : -
- . . g§h|p between slope and displacement at locatioray then
nals had the relative phase and amplitude needed to S|mulabe

bending wave motion in the central portion of the dowel. The € estimated from
details of the two-channel signal generation algorithm are Ho(w)—Hq(w)
given in the appendix. In order to drive the actuators, it was yo(®)=  dHi(w)
necessary to add a DC bias to the signals. The analog outputs )
of the DAP were low-pass filtered at 6 kHz by a Frequency 10 compare the measured transfer function between
Devices 90002 filtet48 dB/octavi and amplified by a DC slope and dlsplacement_ at each point with the desired results,
coupled, Techron 5515 power amplifier before being sent &8t Gi(®) denote the ratio of the results of Eq%0) and(15)
the pair of electrostrictive actuatofXinetics XIRP0410).  corresponding to location

Motion of the simulator was measured with laser vibro- Hyi(“)(“’) Ho(w)—H;(w)
metry, using a Polytec OFV 3000 controller and OFV 302 Gi(w)= v )
sensor head. The laser was positioned about 20 cm from the ymgm(w) ! i(®)

dowel, in the plane of motion of the actuators. The laseione would expect tha;(w)= 1.0 wheni corresponds to the

output was high-pass filtered at 100 Hz and low-pass filtereghiddie of the doweli=5. In our case, according to E@.3),
at 6 kHz USing a Krohn—Hite 3550 f||té24 dB/OCtaVQ. This its magnitude would be less than 1 elsewhere.

signal, along with the twdAC coupled output signals, was
acquired using an Analogic FAST16 data acquisition board, . . ,

qA comper?sation progedure was first runqto account forC' Dynamic response of the insect's body
differences in the output of the two actuators or in the am-  Characterization of the dynamic response of the insect’s
plitude of the two channels of the power amplifier. Identicalbody when driven with substrate vibration is presented in
signals were sent to the two actuators; the dowel motiorCocroft et al. (2000. However, we wished to provide here
produced at the site of each actuator was measwvd the  an example of an additional analysis that illustrates the na-
other actuator sileinto obtain a calibration transfer function. ture of the data provided by use of the simulator. Details of
This transfer function was used to correct the signal inputhe methods are provided in that paper, but, in brief, we
into the lower of the two actuators so that it responded withplaced healthy individual adult femalé crassicornison the
the same amplitude and phase as the upper actuator. Absdewel so that the middle leg rested at the center of the dowel
lute amplitude of the actuator output was adjusted to be simitsee Fig. 1L Each animal took on a natural posture as when

(14)

(19

(16)
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standing on a host plant stem. Each insect was marked with A
small dots of reflective paint at four locations along the mid- '
line of the body from front to back. Laser measurements
were made at each point along the body. For each point, the
data acquisition program first took 10 samples with the
stimulus propagating in one direction, then 10 samples with
the stimulus propagating in the opposite direction. The laser
was then moved to the next point. A reference measurement
was made on the dowel surface, near the insect’s middle leg,
in order to calculate the motion of the insect relative to the

-

Amplitude Deviation (dB)

substrate. 61

V. RESULTS ) 1000 2000 3000 4000

A. Simulator performance B Frequency (Hz)

Figure 3 shows measurements of the magnitude and __ 440 )

phase ofG;(w) for the dowel shown in Fig. 1. Agairi;(w) a

is a measure of simulator performance that compares the g A
. . WMW Lo

transfer function between slope and displacement expected § 50f IWMM’*WMMW i

in an ideal beam with the transfer function between slope ¢ Wrﬁ" N

and displacement measured on the dowel. The signals pro- % " 'g{m,lw P N L

vided to the actuators are designed to accurately create the = WWWMWWWNWWMM/—

desired relation between slope and displacement at the center A W\,’WWW -

of the dowel. As shown in E(7), the relation between slope Q sof MM‘MWWWMMM

and displacement in an ideal traveling bending wave is inde- 2 ‘

pendent of position. Since the dowel moves with essentially A 100

the same slope all along i.ts length, points that are away from 1000 2000 3000 4000
the center must move with greater than the ideal displace- Frequency (Hz)
ment in order to create an accurate simulation at the dowel’s
centerx=d/2. As expected, the measurements shown in Figric. 3. comparison of the magnitud®) and phaseB) of the transfer
3 indicate that the quality of the simulation degrades afunction between slope and displacement measured on the dowel with that
points further from the middle. As shown in Fig. 1, the |egsexpected for an ideal bending wajsee Eq(14)]. Note that for points away

. . from x=0 (the center of the dowglthe amplitude ofG;(w) decreases as
of the insect occupy a region Sma”er thad/8< X_<5d/8 predicted by Eq(11). This decrease occurs because the ends of the dowel
(dowel length between the actuators is 2.4 cm, insects ledgove with greater amplitude than the center. Because the slope across the
span approximately 5 mm dowel remains constant, the ratio of slope to displacement decreases at

Over the region occupied by the insect, the amp”tudepoin_ts away frc_)m the cepte;r. The relation betV\_/Qen slope and displacgmentin
deviation is minima<2 dB). The phase deviation is Iarger the |d_ea| bgndmg wave is independent of posmon as in(Bg.The error in-

) ) . amplitude is less than 3 dB and the error in phase is less than 40 deg in the
(<40 degrees reflecting the difference between an ideal region of the dowel occupied by the insdshaded aréaln (A) only the
beam, in which the surface curves as bending waves propaeints from the center to one end of the dowel are plotted, but the response
gate, and the simulator, in which the dowel surface remain& approximately symmetrical.
essentially straight. That is, the difference between the simu-
lator and an ideal beam reduces to a difference in slope atfar the central region to provide an adequate simulation. In
given point, increasing with distance from the center andeach case, the motion at the center, where the insect would
with stimulus frequency. Because the insect’s leg receptorbe located, closely approximates the ideal case. That is, the
probably do not measure slope at a single point, this deviaeverall slope as measured between the front and back legs of
tion may not be directly applicable to vibration perception.an insect on the simulator is very similar to that in an ideal
Instead, the insect must detect the slope by comparing inputseam, even though the slope at a given ppéee Fig. 8)]
between receptors at three separate pdeasresponding to  differs due to the curvature of the ideal beam. The measured
the attachment points of the legalong the surface. The results shown in Fig. 4 also support our assumption that the
situation faced by the insect is thus more clearly reflected iowel remains essentially straight at the frequencies of inter-
the following figure. est.

To compare the motion of the dowel with that of an
ideal bending wave in the time domain, Fig. 4 shows the
motion versus time relative to one period at frequencies o
500 Hz and 2500 Hz, respectively. At 500 Hz the wave-  To illustrate the use of the simulator in studying direc-
length on an actual branch is quite long relative to the size ofional mechanisms in insects, we complement the extensive
the dowel, and thus there is very little difference in the meaanalysis presented in Cocradt al. (2000 with an example
sured and ideal bending wave curves. At 2500 Hz, howevef an additional kind of analysis using data measured on an
the dowel must undergo greater motion at the ends in ordeadult femaleU. crassicornis Figure 5 shows the operating

. Vibration of the insect
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Ideal Beam Measured on Simulator A POSitiVG direction
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FIG. 4. Surface motion versus time during one period for an ideal beam and
for the simulator. The dotted lines enclose the portion of the dowel spanned
by the insect’s legs. At 500 Hz the dowel length is only a fraction of a
wavelength, and thus there is little difference between ideal and simulated
motion. At 2500 Hz, achieving the necessary slope in the center requires
greater motion of the ends of the dowel. Note the change in vertical scale for
the measured results at 2500 Hz.

mode shapes measured on the insect's body for simulated
bending waves traveling in opposite directions. The motion Position along pronotum

of the insect’s thorax is similar to that of a rigid body on

flexible Iegs. At lower frequencies, both ends move in phaseFlG- 5. An example from one insect of the effect of direction of substrate
At higher frequencies the back moves in the opposite direc\gibrations on the dynamic response of the bdéfiy full results see Cocroft

. ’ . . et al, 2000. The measured motion is shown versus frequency, measured on
tion from the front. Furthermore, the relative amp“tUde of the insect for simulated waves traveling in positive and negative directions.
motion between front and back differs depending on the ditn each case the insect's motion is similar to a rigid body on flexible legs. At

rection of the stimulus. This is especially true of frequencienger frequencies, both ends of th(_a insect move in phage. At higher frequen-
below 2000 Hz. which include much of the energy in themes(>2500 H2, ‘the _back moves in the opposne direction fror_n the front.

. , o . For waves traveling in the negative direction, the back of the insect moves
insects’ communication signakCocroft, 1999. Note that it significantly greater amplitude than the front. The frequency depen-
the data were normalized with respect to motion measuredence of the operating mode shapes is strongly influenced by the direction
on the dowel near the insect’s middle leg. These data, alongf Propagation.

with those reported in Cocroét al. (2000, suggest that the

dynamic response of the insect’s body provides a source of. . . .
di{ectional in?ormation yp simulator described here is a useful tool that facilitates the

investigation of directional sensing in small arthropods.

The simulator closely approximates the relationship be-
tween slope and displacement characteristic of bending
waves propagating along an ideal beam. Because the dowel

In this paper we describe a simulator that reproduces this straight, it cannot reproduce bending wave motion along
vibrational environment of an insect that communicates usis entire length, but only in a region in the center of the
ing plant-borne vibrations. These vibrations, which traveldowel. The width of this region varies with the wavelength
along stems and leaves, constitute one of the most importaif the stimulus: in order to create the required surface motion
sources of information about the environment for insects anéh the center, the ends must be moved through a greater and
other arthropod$Markl, 1983; Gogala, 1985; Henry, 1994; greater excursion as frequency increases. For our study spe-
Stewart, 1997; Barth, 1998Furthermore, for many of the cies, the treehoppéy. crassicornis the biologically relevant
social and ecological interactions mediated by these plantfrequency range appears to be mostly under 4 kEtacroft,
borne vibrations, localization of the vibration source is an1999. For this frequency range, the region of the simulator
important taskCokl et al, 1985; Pfannenstigdt al, 1995.  occupied by an insedtegs spanning 5 mm at the center of
For large specie$5—10 cm, arrival time delaygand per- the dowe] closely approximates the vibrational environment
haps amplitude differencedetween an array of vibration created by propagating bending waves. The simulator al-
receptors in the legs provide sufficient directional c(tésr-  lowed us to investigate the influence of stimulus direction on
genroder and Barth, 1983; Latimer and Schatral, 1983; Cokihe dynamic response of an insect’s body to substrate vibra-
et al, 1985. However, for small specigg<l cm), time and  tion. Detailed results presented in Cocretftal. (2000 re-
amplitude differences are much smaller, raising the questiomeal a marked mechanical directionality in the motion of the
of how these species might localize a vibration source. Thénsects body relative to the substrate. In this report we pro-

Motion Relative

VI. DISCUSSION

584  J. Acoust. Soc. Am., Vol. 110, No. 1, July 2001 Miles et al.: Bending wave simulator



vided an additional type of analysis, also revealing an effecamplitude in order to achieve the necessary slope in the
of direction on the motion measured across the insect’s bodyniddle.

The dynamic response of the body to vibration of the sub-  For a small insect positioned at the center of the dowel,
strate converts the small time differences between the arrivand using the relatively low frequency range of biologically
of the stimulus at the front and back le@5 us at 500 Hz  relevant signals, the simulator provides a close approxima-
into a relatively large amplitude difference across the bodytion of propagating bending waves. Measurements of the dy-
(about 10 dB at some frequencie$his difference may arise namic response of the body of a tree-hopfémbonia cras-
from the interaction of the two modes of vibratiGotational  sicornig reveal a mechanical directionality that may provide
and translationaldetected in the motion of the bodgee a means of vibration localization.

Gerzon, 1994 Because motion at the front and back of the
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In the case of our study species, the performance of th

simulator most closely approximated bending waves across a )
small area in the center of the dowel spanned by the insect’a " ENDIX: CONSTRUCTION OF THE EXCITATION

legs, and for lower frequencies that contain most of the en-§IGNALS

ergy in the species’ own signals. Use of this simulator design  In the following, we describe the procedure for creating
for other species is warranted if their dimensions, and thehe signals input into the actuators on each end of the dowel
frequencies used, fall within a similar range. For larger in-shown in Fig. 1. The approach is an extension of that origi-
sects, Eq(11) can be used to assess whether this apparatus iglly due to Rice(1954 and adapted by Shinozuka972
appropriatgor, alternatively, to estimate the dimensions of aand Miles(1992.
suitable apparatiis Given the power spectral density for a complex system
This experimental apparatus should facilitate investigaone can construct a time series that will have the desired
tion of other questions involving vibration perception in in- power spectrum. ISylyl(“’) is the double sided power spec-
sects. For example, the creation of steady-state bending wavieim of the desired signay,;(t), they,(t) may be approxi-
motion should facilitate investigation of the neural coding of mated by
the directional information present in the dynamic response N-1

of the body. Furthermore, use of natural time signals that _ 12 _
evoke an orienting respongsuch as those used in mate lo- ya(t) 22’0 [Syyy,(@n) A= cogwnt =), (A1)

ion; e.g. k I, 1 will allow behavioral . _
catq  €.9. Co .k.at al, 1999 alo behaviora assays where ¢, are uniformly distributed random numbers on the
of directional ability and of the signal features essential for.
L . interval from 0 to 2r and
directional sensing.

wp=NAw, (A2)
VII. SUMMARY with

We describe a bending-wave simulator capable of repro- Aw=omalN, (A3)
ducing the vibrational environment of many small insectswhere w5 is the maximum frequency in the power spec-
and other arthropods that use plant-borne vibrations in socidfum S y (), and N is the total number of terms in the
and ecological interactions. The purpose of this simulator isSummation in Eq(A1).
to facilitate the study of directional sensing mechanisms, be-  Equation(A1) simulates the time series as a distribution
cause it can mimic bending waves propagating in oppositef sinusoidal signals having random phases. Unfortunately,
directions along a stem, thus delivering stimuli that are identhis expression requires the computation of a large number of
tical in all features except for direction of propagation. Thiscosine functions at each desired value of the tiné, con-
task is difficult using natural substrates. siderable improvement in computational efficiency can be

The simulator consists of a short section of dowel drivengbtained by recasting EGA1) to allow the use of the fast-
by two actuators. In the case of bending waves propagatingourier transform. To accomplish this, note that E41)
along an ideal beam, the relationship between slope and dignay be written as
placement is independent of position along the beam. This N—1

requires curvature of the stem. In contrast, the dowel seg- _ 127wt =16
. . - . t)=2Reg > S, Aw]Y%'onte 0| (A4
ment remains essentially straiglite., the slope is constant ya(t n=0 [ 1y1(wn) o] A4)

across the dowel As a result, exact reproduction of the re- Ré-] denotes the real part and, as befares /— 1.
lationship of slope and displacement characteristic of bend- . . . . .
If the simulated time seriey,;(t) is needed only at dis-

ing waves is possible only at the center of the dowel. The rete values of timet, then let
simulator departs from this relationship toward the ends of '
the dowel, because the ends must be moved with a greater y;=y,(t;)=y(jAt), (A5)
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where the time duration between the equally spaced samplghere the transfer functioHylyz(wn) is computed as in Eq.

times isAt. Evaluating Eq(A4) att=t; gives (7),
N—1 -~
L . 1-1k,d/2
; _ 12-1wpjAtn—1¢ _ n
yi(jAt)=2 R% nZO [Sylyl(wn)Aw] e nTe n} Hylyz(wn) 1+Tknd/2 (Al15)
(A6) and
To satisfy the Nyquist sampling criterion, the time se-
ries, y,(t) must be sampled at a high enough rate to obtain oy 2wl
: . . k= — = =2t Jce, (A16)
two samples during one period of the highest frequency com- c ¢ \/f—
ponent in the original input power spectruS},,lyl(w). This ern
gives with w,=27f,,. The time series is then computed from
27 1 y2,=ReFFT(by)], (A17)
At= =. (A7)
®Wmax 2 with y,(jAt) =y, for j=0,12,.. . N-1.
Substituting Eqs(A3) and (A7) into Eq. (A6) gives
N—1
yi(jAt)=2 RE{ > [Sylyl(wn)Aw]me_'¢"e'”j2"/2N . Aicher, B., and Tautz, J1990. “Vibrational communication in the fiddler
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