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Substrate-borne vibration sensing is an important sensory modality in
arthropods, which use externally generated vibration sources to gather
information about their environment. Vibrations are subject to mechanical
filtering by the legs and body, which implicates a role for morphology
in modulating information flow due to the distributed and embedded
nature of arthropod mechanosensors. A general problem with sensing is
the separation of signal from noise. While internally generated vibrations
can be useful for proprioception, they potentially obscure the small
displacements generated by substrate vibrations for exteroception. Here,
we use a laser vibrometry dataset quantifying the dynamic response
of the tarantula Grammostola pulchra to vibrational input at 50 points
across its legs and body to examine relative motion in a single axis,
enabling us to infer leg biomechanics and test whether these behave
rigidly as vibrations are transmitted through the body. We show that the
non-rigid legs may dampen large-amplitude motion from cephalothorax/
abdomen resonance—increasing signal-to-noise ratio for exteroception at
their distal ends. These properties may also act to increase the robustness
of vibration sensing to variation in morphological traits affecting the
spider’s dynamics. As spider body plans are conserved, we argue the
results are generalizable across the mechanosensitive Araneae.

1. Introduction
Substrate-borne vibrations are ubiquitous in the environment and are an
important information source for animals—particularly arthropods, for which
substrate-borne vibration sensing is an ancient and basal modality [1,2].
Vibrations provide biologically relevant information in the form of signals
and cues—arthropods use these for conspecific communication (such as
courtship) [3–7], detecting prey [8–11], avoiding predators [12] and assessing
environmental variables [9,13].

Arthropods detect substrate-borne vibrations using embedded mechano-
sensors. In spiders, these mechanosensors include the slit sense organs,
while insects have campaniform sensilla and chordotonal organs such as
the subgenual organ [14]. When the arthropod’s body vibrates, either due
to internal or external perturbation, it leads to motion of some leg or body
segments relative to each other. In turn, this generates cuticle deformation,
producing strains which are measured by mechanosensors embedded within
the exoskeleton [15]. These mechanosensors can be found across the body but
are most apparent on the legs and wings [16–18]. Their distribution varies
depending on interspecific differences in morphology, but some patterns in
mechanosensor location are broadly conserved across taxa—e.g. in insect
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wings [17] and spider bodies [19–24]. Generally, levels of deformation have been shown to be highest in the areas of cuticle
around the joints between moving segments—which is where arthropod mechanosensors are typically located.

Due to being embedded in the exoskeleton, arthropod mechanosensors detect vibration sources generated both externally
(exteroception) and internally (interoception). For exteroception (i.e. directly measuring substrate motion), sensors located at
the distal ends of the legs—at the animal-substrate interface—would theoretically minimize the distance between the source
of interest (the substrate) and the sensor, so we would expect these to have the least ambiguous responses. In spiders, sensor
placement and function have been extensively studied in the wandering spider Cupiennius salei, where the metatarsal lyriform
organ (HS10) is thought to be particularly important for exteroception and is stimulated by relative motion of the tarsus and
metatarsus in both a lateral and dorsoventral direction [25,26]. Spider lyriform organs in different locations (such as HS8 on
the tibia), as well as hair plates spanning joints, have been implicated for proprioception [27–30]. While the electrophysiology
of individual lyriform organs and behavioural response to vibrational stimulus are best understood in Cupiennius, due to the
conserved body plan of most spiders (particularly at larger sizes), the general biomechanics are broadly comparable between
even distantly related taxa, even if small details may vary between species. For example, previous work has used measurements
from multiple species of tethered tarantulas (where strains in the exoskeleton can be easier to measure) to interpret the results
of an experiment with freely walking Cupiennius, implying similar body dynamics and conserved function of the HS8 lyriform
organ [15].

As well as being influenced directly by vibration sources, whether externally or internally generated, the cuticle deformation
detected by mechanosensors is also affected indirectly by vibration sources due to resonances in the spider’s whole body. The
natural frequencies are the frequencies at which an object will tend to oscillate in the absence of ongoing external forces after
a perturbation, and the corresponding mode shapes are the deformed shapes produced by the relative motion of different
elements in a system. Resonance occurs when the frequency of an external periodic force matches the natural frequency, causing
a substantial increase in vibration amplitude within the object. We would expect resonance-induced cuticle deformation to
favour a narrow subset of signals detected by embedded sensors during exteroception since resonance amplifies motion at
a particular frequency, like the sound of a bell ringing following an impact. This passive response is governed by the biome-
chanics of the body, including mass (particularly in the abdomen), the stiffness and damping of joints between segments [31]
and overall geometry, as these affect a vibrating mechanical system’s natural frequencies and mode shapes [32]. Arthropods,
of course, are not passive mechanical machines, but can actively change some biomechanical parameters, and some are also
affected by biological processes that might be expected to influence vibration sensing (e.g. growth, feeding, reproduction
in the longer term; posture, muscle tension and even blood pressure in the short term) [32,33]. While the sensitivity and
threshold curves of individual mechanosensors have been the subject of intense research, surprisingly little is known about the
dynamics of the whole body under vibrational input—which is crucial for understanding how cuticle deformation stimulates
the mechanosensors in a real-world context.

A more detailed investigation of arthropod body dynamics in a natural posture is crucial for understanding the underlying
mechanisms of vibration sensing, with implications for arthropod sensory biology and biomechanics. The dynamics of different
parts of the legs and body can be inferred from their relative motion (as a proxy for cuticle deformation) to determine the
rigidity of the body/leg morphology and the potential roles of resonance. Measuring cuticle deformation directly, as mechano-
sensors do, is challenging in experimental contexts [34]. Relative motion of leg/body segments over time can be quantified using
two variables—amplitude difference between the segments and phase delay between the segments. Amplitude differences
between segments are modulated by the rate of energy loss of the source wave as it passes through both environmental
substrates and the arthropod body. Phase delays are modulated by wavespeed, which is in turn governed by the material
properties of the body and the substrate. These variables can be assessed in the frequency domain after conducting a modal
test of the arthropod body under vibrational input. Joint bending, defined as the relative motion of adjacent leg/body segments,
is assumed to be the primary reason why there are amplitude and phase delays between leg/body segments. Alternatively,
bending of the leg/body segments themselves can contribute to this, but cuticular stiffness is much higher away from the
more flexible joints [35]. For the purposes of this study, we will discuss relative motion between legs/body segments without
assuming intra-joint bending explicitly.

Within arthropods, spiders are excellent model organisms for studying vibration sensing [36] as they are highly sensitive
to vibrations—for most species, this is their primary sensory modality. Wu et al. [33] used a mass–spring–damper model
(calibrated to the mode shapes of the tarantula spider Grammostola pulchra in its natural posture, derived experimentally using
laser vibrometry) to investigate parameters influencing vertical vibration transmission through the spider body. In this model,
each leg was simplified into a single mass–spring–damper unit (i.e. not considering relative motion of segments within each
leg), which was an assumption that allowed the modelling of the entire body as a simple mass–spring–damper system in the
vertical axis. This raises the question of whether relative motion of segments within a leg plays a role in spider vibration
sensing, or whether a rigid-legged model is sufficient for explaining spider vibrational responses?

The aim of this study was to quantify the vibrational response of a live spider in its natural posture under vibration input,
to investigate the extent of relative motion between segments across the body in the vertical axis. Relative motion, in turn,
allows us to infer how spider biomechanics, specifically rigidity, influences spider vibration sensing. Our null hypothesis is
that relative motion between leg segments is limited, with the leg moving as a rigid single unit that can be well-approximated
with a mass-spring-damper, as assumed by the modelling approach in Wu et al. [33]. If non-rigid, we would expect the extent
of relative motion to differ between the tarsus/metatarsus joint (implicated in exteroception due to mechanosensor placement)
and the upper leg segments/cephalothorax. The patterns of relative motion across and between legs/body will give insights into
whether and how spiders, as an example (and arthropods more generally), can use their biomechanics to help shape sensory
information, particularly increasing signal-to-noise ratio for exteroception.
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2. Methods
(a) Experimental set-up
We used one specimen of G. pulchra Mello-Leitão, 1921, from our captive lab population. The spiders were kept in plastic
terrariums with a coir substrate and fed with crickets twice weekly, in a temperature-controlled room set at 20°C with a 12 h
day/night cycle. Grammostola pulchra is native to southern Brazil and is ground-dwelling, sensing vibrations for hunting and
courtship across a range of substrates (including soil, rock, leaf litter and wood). They build a retreat by burrowing into the soil
and have a calm temperament, which makes them convenient for use in these experiments. We measured the mass of the spider
using an Ohaus Pioneer mass balance and photographed the spider on the day of the experiment. Photos from three angles
were used to produce a three-dimensional skeleton of the spider’s body, which was later used for animation of the mode shapes
[33].

The vibration stage consisted of a circular aluminium plate (95 mm diameter, 4 mm thickness) attached directly to the shaker
(Modal Shop K2004E01) using a threaded bolt (figure 1). We measured the motion of this plate using an accelerometer (PCB
352A21) attached to the bottom of the aluminium plate. The dimensions of the plate were chosen to avoid resonances at lower
frequencies that would influence the response of the spider body, and this was verified by measuring the response of the plate
without the spider present.

The aluminium plate was driven by a square wave voltage input in the vertical axis generated with a signal generator. The
length of the square wave was approximately 0.0005 s. This pulse input was chosen for three reasons—the regular occurrence of
impact signals in a biological context, the broadband excitation of frequencies in a biologically relevant range for the tarantula
(up to 1000 Hz) and the fact that the duration of the input was short enough that it did not elicit a behavioural response in the
spider.

The spider was guided towards the centre of the aluminium plate using forceps and left to acclimatize. The spider was not
tethered or restrained in any way. If the spider moved, it was encouraged back to the centre using the forceps. After the spider
had assumed a relaxed posture for around 10 min, the test was performed. During the dynamic test, the spider’s posture was
approximately bilaterally symmetrical, but from front to back legs, there were differences in posture—in particular, the front
legs were more retracted during the test. If the spider moved, the experiment was restarted, until a full set of measurements
could be taken, since the spider needed to remain still for the entirety of data collection.

A laser Doppler vibrometer (Polytec VibroOne) was used to measure the velocity of the spider’s body in the vertical
axis in response to vibrational input, with the laser set perpendicular to the aluminium plate. Recordings were taken in the
time domain with a total length of 1.28 s. Our sampling frequency was 25.6 kHz. We manually focused the laser on 50
pre-determined vertical points on the spider’s body, which are illustrated in figure 1. These points correspond approximately
with areas experiencing high levels of cuticular strain at the joints between adjacent segments, where sensors are typically
located. Measurements were not taken from the trochanter and coxa as these were obscured when the spider was in its natural
posture. The laser was manually focused directly onto the cuticle of the spider without any reflective material attached to the
body. The set-up allowed the angle of the laser beam to remain fixed at 90 degrees to the aluminium plate (the laser vibrometer
mount moved in the horizontal plane), and hence the motion measured by the laser vibrometer is the vertical motion of the
measurement point relative to the vibration input. Since the measurement point was not fixed relative to the spider body, we
consider it a floating reference frame. This technique adequately captures the dynamics of the spider body in the vertical axis,
but there is the potential for measurement error caused by motion of body segments in the horizontal axis. We assume that
these displacements are minor relative to motion in the vertical axis due to the pulse input being confined to the vertical axis.

We generated the pulse input three times after focusing the laser on each measurement point, taking a new recording each
time. After three repeats were taken for each measurement point, we moved the laser vibrometer to the next point and repeated
the process until data was collected from all 50 points.

The coherence of the measurement can be used to assess the signal-to-noise ratio at different frequencies. In an ideal constant
parameter linear system with a single input and single output, the coherence would be close to 1, therefore enabling us to
accurately capture the complete system dynamics. The coherence is equal to zero when the input and output are completely
unrelated. We retained data on signal quality, and noisy recordings with low coherence were discarded—only high-quality
recordings were used in our analysis. It was verified that the coherence of the retained measurements was mostly above
0.9 in the frequency range of interest, although a few leg segments and the abdomen showed slightly lower coherence—
these segments are, however, retained in the graphs for comparison (see electronic supplementary material, figures S1–S3 for
coherence graphs of each repeat).

(b) Data analysis
We used the accelerometer measurement of the aluminium plate as our input data and the vibrometer measurement of the
spider’s body as our output response. A Tukey window with a cosine taper of 10% was applied to the input and output data
in the time domain, to smooth the start and end of the recording to zero while preserving the amplitude of the signal for the
duration of the input pulse. The data were then converted to the frequency domain using a discrete Fourier transform (DFT).
A frequency response function (FRF), expressing the magnitude and phase of the output DFT relative to the input DFT, was
calculated for each point on the spider using the modalfrf function in Matlab. We used the sensor argument ‘dis’ in modalfrf
so that the function did not automatically transform the input/output. We then took the mean of the FRFs of each of the three
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repeats for each point to calculate a single average FRF. For 3 out of the 50 measurement points, the input accelerometer
measurement in one of the repeats was unusable due to equipment error, resulting in a very low coherence, so the average FRF
was calculated by taking the mean of the other two repeats.

The disadvantage of a pulse input in terms of FRF analysis is that all frequencies are excited simultaneously, so the
measured response of the spider body at a particular frequency is, in fact, the response to that frequency and any superimposed
harmonics associated with lower frequencies. However, harmonic content arises from nonlinearity, and given the low amplitude
of the pulse, it is reasonable to assume that the relationship between input and output is linear over the frequency range
considered, and any nonlinear effects will be negligible.

During the experiment, we judged the spider’s posture to be approximately bilaterally symmetrical, so we assumed that
the average FRFs obtained for measurement points on symmetrical leg segment pairs would retain bilaterally symmetrical
properties. As a result of this assumption, the FRFs obtained for symmetrical leg segment pairs could be exploited to highlight
inherent differences in response that would enable the spider to locate the vibration source.

To quantify differences in the frequency response between measurement points, we calculated the mean squared error
(MSE) of the average FRFs obtained at each bilateral pair of legs (e.g. lr1/rr1), between the tarsus of each leg and all other
segments, between the cephalothorax and all other segments in each leg and between adjacent segments in each leg (electronic
supplementary material, table S1). With this global metric, the lower the MSE, the greater the degree of similarity between the
FRFs. We reproduce the full MSE values in the electronic supplementary material (electronic supplementary material, table S1).

Wu et al. [33] used a version of this dataset consisting of only one repeat (without taking an average FRF) to calibrate a simple
11 degrees of freedom mass–spring–damper model of the spider body, in order to probe variables influencing vibration sensing
through parametric tests. The model was constructed in Matlab using Simulink. Full details of this method are given in that
study, but in brief—a PolyMAX algorithm was first used to identify the natural frequencies of the entire spider system from our
50 measured points across the body. In total, five natural frequencies were identified—at 31.75, 37.65, 74.15, 108.43 and 137.41
Hz. Then, the natural frequencies and damping ratios of the model were calibrated to the real system, while also attempting to
ensure that the mode shapes and FRFs showed a satisfactory match. A limitation of our experimental strategy is that we were
not able to apply a sinusoidal input closer or exactly at these calculated natural frequencies to the real spider to validate them,
because persistent stimuli invoked a behavioural response.

3. Results
The frequency of the vibration input alters the resulting spider dynamics, which is quantified using an FRF (figure 2). When
comparing equivalent leg segments, the results show that the characteristics of the FRFs at different frequency ranges are
similar for all legs (figure 2). Below 20 Hz, the FRFs for all segments are dominated by noise, while above 200 Hz, the FRFs
do not show obvious resonances and have low amplitude. Therefore, we only consider the 20–200 Hz frequency range, which
mostly overlaps with the range where the sensitivity of the HS10 lyriform organ in Cupiennius is highest (>40 Hz) [37].

Figure 1. Experiment: (a) set-up; (b) vertical measurement points on the spider. This figure is used for illustration of all the measurement points, given by the red dots
in (b). Note that the posture shown here is not the same as the test. During experiments, spiders were not anaesthetized or tethered, but a vertical tube was used to
enclose the spider from above and prevent escape from the arena, where the tube did not touch the aluminium plate. Reproduced from Wu et al. [33] under CC BY 4.0
License for open access publications in the Journal of the Royal Society Interface.
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Figure 2 shows that the FRF magnitude (the y-axis deviation from 1, where 1 is a perfect match between vibration plate and
measured spider motion) varies according to the leg or body segment that is measured. For the distal segments (e.g. tarsus and
metatarsus), the magnitude of FRFs remains close to 1 across 20–200 Hz, indicating the amplitude of motion is similar to the
vibration plate. However, for the cephalothorax, abdomen and proximal leg segments, between 20 and 80 Hz, the magnitude of
the FRFs is greater than the distal leg segments with an amplitude value of greater than 1—which refers to a higher amplitude
of motion relative to the plate input at these frequencies. In contrast, above 80 Hz, there is a sudden decline in the magnitude of
the response in the proximal leg segments, cephalothorax and abdomen, with the response falling below the magnitude of the
distal leg segments with values less than 1—indicating lower amplitude of motion relative to the plate input and the opposite
of the pattern observed in the 20–80 Hz range. This drop-off after the amplitude peak at approximately 80 Hz is associated with
the third mode of the spider body [33]. Due to some asymmetry in the rearmost legs, the tibia, patella and femur of lr1 and lr2
do not follow this pattern.

In addition, the phase also differs according to the leg or body segment that is measured and the frequency range considered
(figure 3). Distal segments have phase values close to π radians at all frequencies, indicating they are in phase with the vibration
plate (i.e. their up-down motions are synchronized). The phase of the abdomen and cephalothorax suddenly decreases by 2–4
radians above 80 Hz, before increasing slightly at 100 Hz—above which it decreases again. This indicates that at these higher
frequencies, the motion of these segments is out of phase with the distal leg segments and the vibration plate (figure 3). The

Figure 2. Magnitude of average FRFs for legs rr1, rr2, rf2, rf1, lr1, lr2, lf2 and lf1 calculated from the modal test in the range 20–200 Hz. Cephalothorax and abdomen
plotted over each graph. Vertical dashed lines indicate the five modes of the spider body. A value of 1 (in arbitrary units) means that the output amplitude (leg motion)
matches the input amplitude (vibration plate motion).
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extent to which the abdomen and cephalothorax are out of phase with the rest of the body in this higher frequency range
varies depending on the leg segment measured and the exact frequency considered, but typically lags by 1–4 radians. This will
lead to increased relative motion above this frequency range, particularly in the proximal leg segments near the attachment
to the cephalothorax. The phase delays between each body segment are approximately correlated with distance from the
coupling points with the substrate, i.e. increased delays moving from distal to proximal segments—which is also correlated
with increasing mass of these segments towards the abdomen.

By calculating the mean squared error (MSE) (electronic supplementary material, table S1), we quantified the expected
variation in FRFs between symmetrical leg segment pairs (based on the a priori assumption that if the spider’s posture and
each measurement point was perfectly symmetrical, then the MSE would be 0), enabling us to highlight inherent differences in
response due to biomechanical parameters that are outside this expected level of variation.

Generally, there is more of a difference between the cephalothorax/abdomen and distal leg segments than there is in
symmetrical left/right leg segment pairs in the FRFs, indicating that we can interpret these comparisons with a high level of
confidence. For the rear two leg pairs (lr2/rr2 and lr1/rr1), the MSE between equivalent left/right leg segments is consistently
an order of magnitude lower than between the cephalothorax and all the leg segments apart from an asymmetry in the FRFs
of the femur. For the front two pairs of legs (lf1/rf1 and lf2/rf2), there is a much greater degree of bilateral asymmetry across
most leg segments, but the MSE between the cephalothorax and the distal leg segments (tarsus/metatarsus) remains higher

Figure 3. Phase of average FRFs for legs rr1, rr2, rf2, rf1, lr1, lr2, lf2 and lf1 calculated from the modal test in the range 20–200 Hz. Cephalothorax and abdomen
plotted over each graph. Vertical dashed lines indicate the five modes of the spider body. A value of approximately 3.14 (π) means that the output phase (leg motion)
matches the input phase (vibration plate motion).
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than the left/right comparison, indicating that we can still usefully interpret differences in the FRFs. A possible reason for these
asymmetries could be poor coherence (<0.6) at some measurement points (electronic supplementary material, figures S1–S3),
indicating more noise and/or nonlinearity between the input and the output, e.g. in the tibia of rr1, and possibly the patella and
femur in lr1.

Overall, the results support that the legs are not acting rigidly, since both FRF magnitude and phase differ between leg
segments. This indicates relative motion between the leg segments, with a smooth transition in dynamics from the distal end
behaving more like the plate and the proximal end behaving more like the body resonance. There is no stark transition across
any particular segment indicated in our data from Grammostola. We can therefore reject our null hypothesis, as we do not find
data to support that the legs behave in a way that can be well-approximated with a mass–spring–damper unit, where we would
expect to see no differences in phase or FRF magnitude due to rigid acting legs on a suspended mass.

4. Discussion
Many arthropods rely heavily on exteroception of substrate-borne vibrations for prey capture, predator avoidance and
courtship. The embedded nature of arthropod mechanosensors means that the links between material properties and dynamics
of the body in response to vibrational input are an intrinsic part of the mechanisms underlying vibration-based exteroception.
Here, we explore the relevance of this intrinsic property of biomechanical systems in the context of substrate-borne vibration
sensing, by interpreting the resonances measured in the tarantula G. pulchra and comparing it with published data on other
spiders and arthropods.

(a) The role of resonance in vibration sensing
Our results show that the frequency range that is most likely to be influenced by body resonance (and the associated modal
shapes for the expected first five modes; see dashed lines in figure 2) for G. pulchra is between 20 and 200 Hz. This range
overlaps with biologically relevant vibration sources from prey and courtship. Vibrations generated by walking insects are
typically broadband in frequency content with peaks up to 1000 Hz (dependent on the transmission properties of the surface
over which the prey is walking), while courtship vibrations in Cupiennius are lower frequency, with prominent peaks in the
<150 Hz range [38]. While spider mechanosensors are theoretically capable of detecting frequencies below 20 Hz [26,29],
frequencies in this range are mainly generated by environmental noise such as wind, so may have less biological importance
for exteroception. Indeed, in Cupiennius spiders, these low frequencies are subjected to high-pass mechanical filtering by the
cuticular pad [39]. These results are comparable to those reported previously, which indicate limited mechanosensor sensitivity
for frequencies below approximately 30 Hz in Cupiennius [26], and body modes present at relatively low frequencies (18 and 63
Hz) [38,40].

The transfer function of vibrations through the body of the large hunting spider Cupiennius getazi (body length approxi-
mately 2.6 cm) was broadly similar to those exhibited by G. pulchra (in this study, though, vibrations were delivered via the
medium of a bromeliad leaf, the usual habitat of Cupiennius) [41]. Cupiennius showed resonant amplification across a broader
range of frequencies, from <1 up to 200 Hz, with a peak amplification at approximately 80 Hz, compared with the 20–80 Hz
range and 35 Hz peak amplification shown by Grammostola. In Cupiennius, frequencies above 200 Hz were attenuated, similar to
higher frequency responses of Grammostola. The two spider species also demonstrated a similar relative motion across different
leg segments, with the response of the tarsi (where the spider body couples to the substrate) resembling the response of the
substrate, and segments more proximal deviating significantly from this, and the opisthosoma showing the most resonance—
although the differences appeared less extreme in Cupiennius compared with Grammostola.

There are two possible ways to interpret the biological relevance of these results. The first is that resonance of the body (here
cephalothorax/abdomen, where the mass of the spider body is concentrated) could be used for vibration sensing functions,
e.g. source localization. In support of this, our results show that different leg segments resonate at approximately the same
frequencies. Electrophysiology recordings have also shown that most slit sense organs in Cupiennius are broadly tuned, with
HS10 being highly sensitive above approximately 10 Hz to at least 1000 Hz [26,28,42,43]. Theoretically, the direction and
magnitude of body motion relative to the legs during resonance could be used by the spider to provide directional information
for source localization, in the absence of direction-informative frequency cues due to the broad mechanosensor tuning.

However, we suggest that for spiders, body resonance is unlikely to be useful for exteroceptive vibration sensing when
substrate vibration frequencies overlap with an arthropod’s natural frequencies. Within spiders, amplifying biologically relevant
signals has been suggested as a potential role for body resonance [32,33,36]. However, we argue that the evidence here points
towards the spider prioritizing exteroceptive functions at the leg tips. Large-amplitude vibrations of the body at its natural
frequencies may mask the small deflections at the distal joints caused by externally generated vibrations passing from substrate
to body. This is a physical constraint on information propagation in this system [44]. We suggest that the patterns of relative
motion observed in our results are used as a frequency-dependent damping effect, which is most pronounced at the low
frequencies at which the abdomen and cephalothorax resonate. This decreases the influence of this body resonance on motion at
the distal joints (here tarsus/metatarsus joint) and hence reduces masking and distortion in the context of exteroception. Rather
than behaving rigidly, the legs move flexibly under vibrational input, separating motion of the abdomen/cephalothorax from
the distal leg tips. The tarsus/metatarsus joint is furthest from this centre of mass resonance, while being closest to the substrate
and thus transmits externally generated vibrations to the HS10 metatarsal mechanosensor with high efficacy. We interpret
this as a way for the spider to ‘listen in’ to the subtle frequency–amplitude–time content of the substrate vibration without
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being masked by the overriding ‘ringing bell’ of body resonance. This filtering property can presumably be controlled through
posture, as this will alter the extent of relative motion between leg segments.

Our findings contrast with what has been proposed for other arthropod species. The non-hearing cave cricket (Troglophilus
neglectus) makes extensive use of vibratory communication. In contrast to Grammostola and the examples above, the most
pronounced resonant signal amplification was found in the tibia, the location of the vibration-sensitive subgenual organ.
Minimal signal amplification occurred more distally in the metatarsus, and considerable attenuation was found more proxi-
mally in the femur [45]. Signal amplification was restricted to a relatively narrow band of frequencies, which varied systemati-
cally with the degree of flexion of the femoral–tibial joint, with peak amplification occurring at 900 Hz and 30° leg angle, down
to 192 Hz at 150°. Sansom et al. [46] compared vibrational gain at the proximal tibia to the tarsus (the thorax or abdomen was
not measured) in termite and ant species, finding that gain in termites occurred at lower frequencies (< 2.25 kHz) compared
with ants (1.9–3.1 kHz), a difference they ascribe to the different leg proportions in these two groups of insects.

The bodies of fiddler crabs (Uca pugilator) likewise act as a filter and selective amplifier to vibration [47]. Low frequencies
(25–250 Hz) were amplified, while frequencies above this range were mostly attenuated except for a small amplification at the
highest frequencies examined (800–1000 Hz). As with Grammostola, these effects became more pronounced the closer to the
centre of the body the measurements were taken, being greatest when measured from the carapace and weakest at the dactyl
(equivalent to the tarsus). Intriguingly, a small postural change which reliably occurred in response to male drumming-like
stimuli resulted in a more sharply tuned response with a narrower zone of amplification, whereas resting postures, with the
carapace contacting the substrate, resulted in a broadening and flattening of the transfer function across the entire body.

In the treehopper Umbonia crassicornis (Hemiptera: Membracidae), pronounced resonant amplification was found in the
thorax and femur to frequencies between 500 and 700 Hz, but there was considerable and increasing attenuation to frequencies
above 1000 Hz [48]. The response of the tarsus, however, mirrored that of the vibrating substrate. In this animal, there is both
a translational and rotational vibrational mode, so that the degree of amplification depended on the direction of travel of the
vibrational wave, potentially giving this small insect the means to determine the origin of a signal even though amplification is
most pronounced at the midline of the body.

In fact, the only equivalent example we could find where resonances are not found in the location of the mechanosensors in
a biologically relevant range is in the honey bee (Apis mellifera), where no substantial resonance or attenuation at all was found
in the proximal tibia in a tested range between 100 and 2000 Hz, despite the known importance of vibrational communication in
this species [49].

Resonance is counteracted by damping, which is any mechanism, such as internal friction, that acts to dissipate the energy
in an oscillating system. In critically damped or overdamped systems, no oscillation is possible. It is likely that the slit
sensilla themselves are highly damped, since, otherwise, brief periods of stimulation could cause ongoing oscillation and
neural activation even after the stimulus has stopped. Underdamped systems, however, still oscillate but with an exponentially
declining amplitude over time. This can still allow for some moderate resonant amplification but typically the resonance
peak is flattened and widened, with a small amplification occurring across a wider range of frequencies rather than a large
amplification to a specific frequency. The FRFs of whole arthropods to vibration, including Grammostola, suggest that arthropod
bodies generally act like moderately underdamped systems, potentially allowing the benefit of some amplification across a
range of useful frequencies, but not subject to large resonances that risk overwhelming sensitive mechanosensory detectors.

The damping effect of the upper leg segments also means that fluctuations in the size, mass and density of the abdomen
(e.g. from feeding/reproduction) have less of an impact on the relative motion of the distal leg joints. Therefore, this is an
inherent property of the system that makes exteroception more robust to variation—a form of morphological computation,
where information processing may be outsourced to morphology instead of the central nervous system (CNS). Mechanical
filtering, for example, by the cuticular pad in spiders, can be considered morphological computation if it reduces the level
of potential energy expenditure in the CNS [44,50]. A stronger argument for morphological computation could be made by
showing that these parameters are actively controlled by spiders, e.g. through posture, which is a promising area for further
studies given the frequency response of U. pugilator when changing posture [47].

(b) Outlook
Our findings can be generally applied to the concept of mechanosensor networks in sensory ecology. The implication is that
a network of many simple mechanosensors is sufficient for vibration sensing, with the distribution of sensors and patterns
of relative motion (modulated by morphological traits such as joint stiffness/damping) being important factors influencing
vibration sensing. By positioning mechanosensors for exteroception close to the distal tips of the legs, arthropods are able to
minimize internally generated noise due to damping body resonance through the upper leg segments, and thus mitigate against
this biomechanical constraint. Evolutionarily, this opens questions into how arthropod bodies have evolved as multi-functional
structures for vibration transmission and sensing, while preserving functions such as locomotion, feeding and reproduction.
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