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The aye-ayes (Daubentonia madagascariensis) are an extremely rare lemur species and the world’s largest
nocturnal primate. Tapping on tree bark with its unique elongated middle finger, the aye-aye listens clo-
sely for signs of cavities or insect larvae inside; this is a unique acoustic-based foraging behavior called
“percussive foraging” or “tap-scanning.” Tap-scanning requires the animal auditory system to exhibit
exceptional acoustic receptive field sensitivity. This study provides an insight into how the ear canal of
aye-ayes might have an impact on their acoustic field sensitivity; this was achieved using a biomimetic
approach to simulate the tapping mechanism. To this end, the aye-aye’s pinna and ear canal were 3D
Tap-scanning printed. The pinna in the cupped position was preserved, and the acoustic field was evaluated in the time
Acoustic sound field and frequency domains. The results suggest that the pinna with the ear canal can substantially enhance
Pinna the receptive field sensitivity of the aye-aye’s auditory system by shaping a focal area at the tapping loca-
tion. Furthermore, changes in the sound field receiving beam pattern for higher frequencies resulted in an
increase in the receiver dominant frequency, indicating the evolution of the aye-ayes’ external ear to cre-
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ate a physical filter for excluding unnecessary low frequencies in the focal area.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Sound is an essential source of information for many animals
and is one of the primary tools for survival. It is vital for communi-
cating, foraging, navigating across animal territories, and convey-
ing the presence of predators. Several animals, including bats,
cetaceans, dolphins, woodpeckers, and aye-ayes, use self-
generated acoustic cues for sound discrimination [1,2]. Certain ani-
mals with exceptional auditory capabilities have developed and
optimized the most efficient acoustic sensing systems. Among
the above-mentioned animals, woodpeckers and aye-ayes are the
best examples of animal adaptation; their auditory sensing sys-
tems have evolved over the past million years to allow them to
detect cavities in the outer 1-4 cm of a tree bark [3,4]. Both ani-
mals possess intricate anatomy in their auditory system that
receive and localize sounds from the near-by point source. There-
fore, it is argued that their ear must be specialized for near-field
sound reception. The near-field is the region of space relatively
close to the emitting source (e.g., approximately two wavelengths),
where the sound pressure and acoustic particle velocity are not in
phase. Conversely, the far-field starts approximately-two wave-
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lengths away from the sound source [5]. Owing to the propagation
mechanism, acoustic waves around a sound source (i.e., tapping) in
the near-field area have unconventional qualities in the temporal,
spatial, and spectral domains. Although several researchers have
studied numerous behavioral and physiological aspects of the
auditory capabilities of woodpeckers [6-10], little is known about
the near-field acoustic-based sensing and detection capabilities of
the aye-ayes. This study attempts to experimentally investigate a
few features that might have an impact on the exceptional acoustic
sensing of aye-ayes.

The aye-ayes (Daubentonia madagascariensis) are unique to pri-
mates, both behaviorally and morphologically. They are a species
of lemurs endemic to the rainforests of Madagascar and are the
most enigmatic of all living species [11]. They are perhaps best
known for the acoustic extractive foraging behavior called “percus-
sive foraging” or “tap-scanning” [12]. They have evolved a suite of
specialized morphological adaptations, including large mobile pin-
nae, ever-growing rodent-like incisors, excellent vision in the near-
ultraviolet range, elongated sensitive third digit, and a large brain
[13-16]. However, the most striking features of aye-ayes are their
extremely narrow and flexible middle digits and enormous ears.
They tap rhythmically along the surface of a decaying tree to facil-
itate the detection of tree cavities that potentially contain grubs
(see Fig. 1). Such scanning techniques enable the investigation of
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Fig. 1. An aye-aye during tap-scanning. Aye-ayes use their large pinna and elongated slender middle finger to accurately identify grubs and larvae hidden beneath the tree

bark (Photograph: David Haring, Duke Lemur Center).

internal structural property variation of wooden parts. Further-
more, compared to other lemuroid prosimians, the pinnae of aye-
ayes are proportionately larger [16]. Their large and membranous
mobile bat-like pinnae rotate forward during tap-scanning. The
aye-ayes detect the prey hidden beneath the tree bark by listening
attentively to this drumming sound. When aye-ayes locate a cav-
ity, they gnaw into the wood using their powerful jaw muscles
and sharpened incisors to expose larvae. Further, they hook the lar-
vae with their claws and lift them out [16]. These morphological
adaptations play a significant role in the extractive foraging behav-
ior of aye-ayes, which allows them to locate and exploit the
resources unavailable to other animals in the wild. In addition,
aye-ayes have the largest and most convoluted brains among all
prosimians [17]. Their large brains show remarkable systematic
capabilities that are uncommon in other animals. One might sus-
pect that their large brains and peculiar foraging behaviors are
linked [18]. Several studies have been conducted to show the cor-
relation between the large brain size and complex sensorimotor
intelligence in aye-ayes [12,17,19]. Along with these fascinating
features, aye-ayes have an exceptionally active acoustic actuator
and versatile acoustic sensing capability, making their biological
system an appealing model for engineering sensory and robotic
systems. For instance, one possible technological application of
the animal’s percussive foraging behavior may be in instrumented
tap testers. Tap testing, also known as coin testing, is one of the
oldest nondestructive testing (NDT) methods. It is regularly used
for evaluating the condition of wood in service and inspection of
laminated structures as well as honeycomb constructions [20].
The conventional tap testing method and most of the current
tap-based technologies have the issue of subjectivity, lack of
high-resolution results, and a low signal-to-noise ratio (SNR)
[20-22]. The bio-inspired approach presented in this paper can
help NDT practitioners to overcome the mentioned shortcomings.

A few studies have shown that the external ear, ear canal, and
other morphological features such as local grooves or ridges, and
the head, have dominant effects on mammalian far-field auditory
systems [23-27]. Much of the knowledge about biological auditory
systems comes from lateral and localization studies that consid-
ered interaural time differences (ITDs), interaural level differences

(ILDs), and spectral information [28,29]. The ITDs and ILDs are pro-
duced by the propagation and diffraction of sounds by the body,
head, and pinnae. Similar to humans, other animals also use these
cues, some of which may be absent in the human auditory system,
such as the effects of ear movements. In the early 1900s, the duplex
theory proposed by Lord Rayleigh explained how a combination of
ITD and Itd cues could help humans localize a sound source [28].
They vary systematically according to the location of the sound
source. For instance, sound at the eye level at any elevation can
produce identical ITDs and ILDs, as long as the lateral direction is
constant. Because a majority of animals have two ears, several
effects of the human auditory system can also be found in other
species [30]. Therefore, ITDs and ILDs have a significant impact
on the hearing of many animals. However, the impact of these
effects on the localization depends heavily on the head size, ear
position, ear distance, and ear orientation [31]. This theory has
been the basis of numerous studies on the localization process in
the human and animal auditory systems. The acoustical transfor-
mation occurring between a point source and a receiving ear,
known as the head- related transfer function (HRTF), is typically
used to convey the above-mentioned cues for an auditory system
to localize a sound source in space [32-35]. Some researchers have
used a 3D printed dummy head to generate the human HRTF data
[36,37]. The evaluation of the auditory systems and the HRTF of
several animals including bats [27,38,26,39,40,41], cats [42-44],
juvenile ferrets [45], chinchillas [46], gerbils [24], monkeys [47],
rabbits [23], and other animals [48], have been the focus of several
studies. However, these studies primarily focused on evaluating
far-field localization (i.e., more than 1 m) and lateralization of
the auditory system with one primary assumption that the target
location (sound source) is not previously known to the animal
under study. Furthermore, several studies have been conducted
on the frequency aspect of aye-ayes’ acoustic sensing during
long-distance communication [49,50]; however, a sensing system
that has become overspecialized for acoustic field measurement
has not been completely studied yet. Biological auditory systems
possess a frequency sensitivity effect on acoustic sensing. In addi-
tion, the shape and morphology adaptation of the acoustic sensing,
particularly the external ear geometry, have adapted to create a
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specialized plane wave field directionality (e.g., developing a focal
point around the tapping area). Although aye-ayes can maximize
sensitivity to a wide range of distances, the acoustic sensing spe-
cialization due to tap-scanning adaptation might entail trade-offs.

Why is an aye-aye’s auditory system believed to be the primary
sensing system enabling the tap-scanning process? Several studies
have indicated that aye-ayes have exceptional auditory sensitivity
to the sounds emitted from the insect larvae movements and the
various tones emitted in response to tapping. Sonnerat suggested
that aye-ayes use their acute auditory system to detect prey move-
ments within the wood [51]. During foraging, large flexible ears are
cupped forward and downward towards a point directly in front of
the nose to listen to reverberations from the tree. In some
circumstances, tapping behavior can trigger auditory activity in
subterranean prey. If this assumption is correct, it is proof that
the aye-ayes’ super-strong and exceptionally-sensitive near-field
auditory system can identify low-amplitude acoustic waves gener-
ated by the worm movements a few centimeters beneath the tree
bark. Sandwith reported that an aye-aye taps many objects that
attract its attention. Sandwith believes that an exceptionally cuta-
neous sense of the middle digit enables the aye-aye to discriminate
between surface vibrations. Furthermore, tapping can stimulate
insect larvae to make audible movements [52]. In a study con-
ducted by Erickson, long and straight subsurface artificial channels
were constructed in 15 woodblocks to mimic the mines created by
insect larvae. The channels were 20, 30, and 40 cm long, 1 cm wide,
and 5 mm deep. The wooden samples were exposed to captive
adult male and female aye-ayes. Surprisingly, the aye-ayes opened
the channels at regular intervals, with the centers of the excava-
tions spaced approximately 7.5 cm apart. These observations sug-
gest that, in addition to the aye-ayes’ sensitive auditory system, the
cutaneous sense of the third digit may be sensitive to differential
surface vibrations [53]. Erickson believes that olfactory, tactile,
and visual clues alone are not sufficient to locate cavities and prey
accurately. Erickson inferred these results from individuals gnaw-
ing in areas with cavities but no surface holes, indicating that
aye-ayes can consistently discriminate true cavities from false
indicators, even when the visual or olfactory cues are absent. These
observations suggest that animals use echolocation to capture
prey. These arguments are consistent with the findings of Kaufman
et al. on the brain sections of the aye-aye, which show a relatively
large frontal cortex size with a decrease in visual structures, but a
comparatively large inferior colliculus, a midbrain section respon-
sible for sound [17]. Erickson studied several captive aye-ayes to
demonstrate that, while prey sounds may increase the frequency
of a cavity excavation, the aye-ayes opened cavities in wooden
samples regardless of whether they were empty or filled with dead
or live mealworms [16]. Consequently, the acoustic features asso-
ciated with the cavity sound provide indirect cues for prey detec-
tion. To examine whether the acoustic cues reveal the cavity
location, Erickson designed five studies to identify the different
features of the cavities that provide these cues. Erickson conducted
a series of behavioral experiments to demonstrate how the density
of cavity content affects the foraging process. In this regard, the
cavities were backfilled with low-density materials (air, acoustic
foam, or gelatin) and high-density materials (sand, hardwood, or
metal). The excavation was successful with nearly equal frequency,
which implies that the sound reverberation in air-filled cavities is
not essential for detection. Moreover, there was no difference in
the excavation frequency when changing the density of the cavity
content [1]. In another study, aye-ayes opened cavities containing
active mealworms slightly more often than those with no prey,
suggesting that the animal may be able to identify cavities that
contain live insects. In other words, aye-ayes locate prey by hear-
ing audible movements below the surface [16]. All behavioral stud-
ies emphasized that aye-ayes rely on the auditory interpretation of
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tapping signals, and these auditory cues are vital in prey
localization.

As discussed above, the aye-ayes’ exceptional near-field hearing
enables the animal to uniquely distinguish (classify) the different
tones emitted from the wood during tapping to localize cavities;
this is attributed to the large pinnae of the aye-aye, which shape
and move freely. In other words, the importance of tap scanning
and the functional demands of integrating two sensory modali-
ties—haptic touch and audition—are linked with the evolution of
large and elaborate ear structures [54-56]. The pinna was mea-
sured to be 75 mm wide and 46 mm high on average [54]. Ramsier
et al. leveraged the auditory brainstem response (ABR) method and
confirmed that aye-ayes have relatively enhanced auditory sensi-
tivity between 2.8 and 22.6 kHz, which is equivalent to wave-
lengths larger than 15 mm and less than 122 mm [49,12]. This
broad auditory range might be a good sign of the high sensitivity
of the aye-ayes’ tap-scanning in small cavities. In a recent research
by the present authors, it was shown that the shape and morphol-
ogy of the aye-ayes’ pinnae changed the acoustic field to improve
noise reduction and reception of the generated sound from tap-
ping. The authors partially validated that the shape of the pinna
can also affect the sensing frequency, which affects the acoustic
sensing and detection capabilities of aye-ayes [57]. The results sug-
gest that the cupped shape conformation of the pinna can substan-
tially enhance the acoustic sensitivity of the aye-aye’s auditory
system by increasing the SNR and sensitivity to higher frequencies
[57]. However, several unanswered questions remain regarding the
effects of different parts of the ear, including the ear canal.

It has already been demonstrated [57] that the pinnae deforma-
tion in the aye-aye and the internal morphology might increase the
acoustic beam resolution by creating a small focal point concen-
trated at the tip of the middle finger during tapping. While aye-
ayes tap-foraging behavior has been the primary focus of most
researchers to date, their auditory sensitivities are relatively
unstudied. Several biological aspects may contribute to the excep-
tional auditory system of aye-aye. This paper investigates the
effects of the pinna and ear canal on aye-ayes’ auditory system in
a monaural sensing fashion to precisely detect sounds generated
in the near-by point source. The importance of monaural cues in
human auditory localization was recognized as early as the turn
of the last century [58]. Monaural localization (ML) is a single
microphone localization technique based on an understanding of
the pinna function and the role of the outer ear structures in pro-
ducing monaural cues for sound localization. This paper is orga-
nized as follows. The material selection and 3D printing
procedures are discussed in the Methods section. It is followed
by the Experimental Setup section. The effects of the aye-ayes’
pinna and ear canal on the acoustic field are evaluated using time
and frequency domain analyses in the Results section. It is fol-
lowed by the Conclusion section.

2. Methods

The study was conducted using a biomimetic approach to sim-
ulate the tapping process of the aye-ayes. In this approach, the aye-
ayes’ external auditory systems were 3D printed to investigate the
effects of each component on the ear’s receptive field and acoustic
sensing. The micro-CT scan of a frozen carcass in the Duke Lemur
Center (DLC) yielded detailed information on different parts of
the aye-ayes’ head. Fig. 2 shows the rendering representations of
the frozen body of Merlin (the aye-aye under study) obtained from
the micro-CT scan in two different views. The visualization and
rendering were performed using the functions provided by the
Autodesk Meshmixer software. The software is a design-to-
fabricate tool for working with 3D meshes and offers several
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Fig. 2. The CT scan of the aye-aye; the pinnae are in a cupped position: (a) front
view (b) side view.

fascinating functionalities to help the user in the modeling and 3D
printing processes. Autodesk Meshmixer is available for free down-

load at http://www.meshmixer.com.

2.1. Wood material selection

In the biomimetic approach for simulating the aye-aye’s tap-
ping process, one critical question was: what type of wood should
be considered? The structural properties of deadwood could also
influence the extractive foraging behavior of aye-ayes. As reported
by Thompson et al., no statistically significant differences in height
and diameter were observed between the foraged and non-foraged
deadwood trees. However, aye-ayes preferred trees with smaller
diameters for foraging; this may be due to the ability of aye-ayes
to grip trees effectively during percussive foraging [3]. Further,
the internal structures of foraged and non-foraged deadwood
resources were compared. They tentatively hypothesized that the
area behind the larval mines towards the tree core might play a
crucial role in the percussive foraging process of aye-ayes. [53]. A
fascinating facet of the aye-aye’s tap-scanning process is that it
allows the animal to diagnose small discontinuities in several com-
plex materials, such as wood. Insect larvae can be extracted from
various locations, including bamboo branches and trunks of dead
trees, fallen dead wood, dead branches of living trees, and rarely
living trees [59]. In other words, aye-ayes consume invertebrates
from both dead and live trees. However, they frequently forage
on the trunks and branches of dead trees [59,60]; the deadwood’s
ability to conduct sound may be an essential factor in the foraging
behavior of aye- ayes. Generally speaking, wood is classified as two
groups: hardwoods and softwoods. The internal and external prop-
erties of each group may explain the animal foraging preference.
The modulus of elasticity, modulus of rigidity, and density are
the primary material properties that describe the behavior of each
wood. In addition, the speed of sound waves passing through the
medium is one of the most significant characteristics of each mate-
rial. Velocity is a function of wood density and the modulus of elas-
ticity [61]. For instance, the more decayed and fragmented the
wood inside a tree, the slower the sound travels between two
points. Therefore, different types of wood can exhibit different
vibrational properties. The aye-aye is more likely to forage trees
with greater internal density [3]. The interior regions usually func-
tion as sounding boards during the tap-scanning process to help
the animal accurately detect potential grub [3]. It is also possible
that aye-aye selects deadwood that is better able to transmit sound
and therefore helps them more accurately locate cavities and
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abnormalities beneath the tree bark to reduce the likelihood of
false positives during larval mine detection. Based on the above
discussion and to simplify tap testing, a commercial lumber named
Pseudotsuga menziesii (commonly called Douglas fir) was used as
the softwood to perform tapping in this study. Pseudotsuga men-
ziesii is one of the most important timber trees in the world [62].
The wood has a density of 460 to 500 kg/m> and its modulus of
elasticity has been estimated between 10.3 and 13.4 GPa [63].
The material property of the wood is in a descent consistency com-
pared to the the ones reported in literature [1,3,64] that aye-ayes
forage upon. A more detailed information on the wood character-
istics and the associated material properties could be found in
Green et al. [63].

2.2. 3D printing preparation

The effects of (a) the pinna and (b) the ear canal on the sound
field were considered to understand the biological auditory sens-
ing system of aye-ayes utilized during tap-scanning. To this end,
these parts were 3D printed, as shown in Fig. 3. The 3D printing
was performed using a continuous fiber fabrication machine
named Markforged Mark Two (Gen 2). For the 3D printing process,
the fill density of the device and the layer height were set to 37 %
and 0.1 mm, respectively. A nylon filament called “Onyx” devel-
oped by Markforged was used as the 3D printing material. Onyx
is a high-strength thermoplastic material with an outstanding sur-
face finish and high resistance to chemical agents. It is made from
commercial nylon combined with short carbon fibers [65]. Several
studies have shown that the pinnae and head soft tissue can be
replaced by synthetic materials used in artificial heads [66], and
the effect of the pinna and head material is negligible if the pinna,
ear canal, and head geometry are accurately captured. For example,
results from artificial animal and human heads, such as those from
the KEMAR mannequin, have shown good correspondence with
acoustically measured HRTFs [38,67,68]. This supports the
assumption that replacing the ear canal and pinnae with artificial
3D printed ones can provide acceptable levels of error when the
effect of soft tissue material is neglected.

2.3. Experimental setup

As previously stated, aye-ayes have evolved a suite of well-
known apomorphies. During tapping, the acoustic actuation part
or sound source for the aye-aye is the tip of the middle finger hitting
the surface of the object of interest. Specialized metacarpopha-
langeal joints in the third digits give the finger an extraordinary
range of movement in tapping and probing for prey. Once the
aye-aye tap-scans, the resulting differential soundings from a tree’s
interior structure travel through the air and bounce off the animal’s
large, alert, high-frequency attuned pinna and the exterior part of
the ear and further enter the ear canal. The sound is later processed
by a relatively enlarged inferior colliculus in the brain [12]. In other
words, the brain utilizes subtle differences in intensity, timing, and
spectral cues to allow the animal to discriminate sound sources and
localize cavities. The tapping rate in aye-ayes was estimated to be
97.7 £ 19.9 ms, with the dominant energy of each tap ranging
between 2 and 27 kHz [12]. This result was obtained from the
recorded sounds of tapping on the softwood.

To mimic the percussive foraging of aye-ayes in a semi-
automated manner, a miniature piezoelectric hammer (PCB model
086E80) (Fig. 4(e)) was mounted on a Universal Robotics manipu-
lator (UR5) (Fig. 4(a)). This light miniature instrumented impulse
hammer (4.8 g), had a sensitivity of 22.5 mV/N with a 222 N peak
measurement range. The UR5 was programmed to scan the area of


http://www.meshmixer.com/

H. Nemati and E. Dehghan-Niri

Applied Acoustics 202 (2023) 109171

ridge pattern

tragus

(2)

e edge of the pinna

auditory canal
middlg ear
cavity

2 cm

tympanic membrane

(b)

Fig. 3. The CT scan of an aye-aye's ear anatomy: (a) pinna; (b) pinna and ear canal.

Fig. 4. Experimental setup: (a) UR5 robotic arm manipulator; (b) pinnae holder and 3D coordinate adjustable frame; (c) 3D printed pinna with 1/4” free-field, prepolarized
377C01 microphone; (d) extension and the hammer holder; (e) miniature instrumented impulse hammer; (f) woodblock; (g) four-channel power supply unit (signal

conditioner); (h) UR5 12” touchscreen; (i) oscilloscope; (j) control switch.

interest in the lumber region under study. To avoid any potential
interference of the UR5 arm in the acoustic field, a 30 cm extension
and a holder were designed (Fig. 4(d)). The hammer simplified the
complexity of the biological features of the aye-aye’s third digit;
however, it is consistent in terms of the dimensions of the finger.
A prepolarized calibrated measurement microphone (PCB
Piezotronics, Inc, model 377C01 and 426B03 preamplifiers)
(Fig. 4(c)) with a nominal diameter of 6.3 mm and a frequency range
of 4 Hz to 80 kHz was placed 10 cm away from the woodblock to
capture the acoustic wave emissions coming from the tapping posi-
tion. The sound pressure was measured on the azimuth plane or
horizontal angle. In other words, the plane of the microphone dia-
phragm was almost perpendicular to the horizontal surface of the
woodblock. Commercially available lumber with dimensions of
30 cm x 30 cm x 5 cm was used as the deadwood (Fig. 4(f)). The
woodblock was fixed on the table using some foams in between
as support to diminish the effects of the contact acoustic propaga-
tion on the tap-induced sound pressures. The block was divided

into 25 x 25 gridded points in the x and y directions at an interval
of 6 mm as the area of interest on the sample (144 x 144 mm area in
total) to perform tapping. To filter out uncertainties related to the
sound source, material, and random noise, tapping was performed
three times at each point. The reason behind this is that it was
observed that the acoustic fields converge to a certain contour plot
after averaging three accumulated tapping signals. The averaged
value was used as the output signal in the post-process analysis.
A control switch was designed to repeat tapping at an arbitrary
point (see Fig. 4(j)). At each point, the output signals were pre-
amplified and later digitized with a 5 MHz sampling rate and 16-
bit resolution using an oscilloscope (WaveJet 334 touch, Teledyne
LeCroy) (Fig. 4(i)). After setting all tapping parameters, the recep-
tive field of the microphone alone and the cupped pinna with and
without the ear canal were measured from the area of interest. As
previously mentioned, the tests were performed using a single
receiver (ML). Fig. 4 shows the experimental setup and associated
components used for the sound field measurements.



H. Nemati and E. Dehghan-Niri
3. Results

The effects of the 3D printed pinna with and without an ear
canal on the aye-ayes’ acoustic sensing were investigated. First,
the receptive field of the microphone alone was evaluated to elim-
inate the effects of microphone directionality on the measured
sound field. Next, the effects of the pinna and ear canal on the
aye-ayes’ auditory system were considered in a cupped position.
Cupping has a significant impact on the sound reception and direc-
tionality of ears receiving the approximate plane wave sound [69].
The effects of the pinna’s shape on the auditory perception and
detection capabilities of aye-ayes have already been examined in
the previous study [57]. The objective of that study was to measure
the acoustic properties of the external ear in the upright and
cupped positions. The cupped shape conformation of the pinna
could significantly improve the near-field auditory sensitivity
through three mechanisms: (1) an increased SNR, (2) creating
potential focal points to increase the spatial resolution, and (3)
an increase in the receiver peak frequency by changing the sound
pressure beam pattern for higher frequencies, which can enhance
the sensitivity owing to a smaller wavelength [57]. Consequently,
in this study, each 3D printed part was maintained relative to
the plane and position of the wooden block in a cupped position
on the holder, as shown in Fig. 4(c). The angle at which the aye-
aye pinna was mounted on the holder was selected based on qual-
itative observations reported by previous researchers [70,4,16].

To remove any uncertainties associated with the intensity of the
simulated tapping (sound source), each signal recorded after the
impact of the miniature hammer was normalized to the maximum
value of the impact signal in all three cases, which is referred to as
the normalized response throughout this paper. Fig. 5 shows the
responses from the tapping simulation at an arbitrary point in
the focal area, which is identified later. As shown in Fig. 5(a), a typ-
ical impact response with a duration of 30 ms was used for the
temporal analysis of the acoustic field. For illustrative purposes,
Fig. 5(b) shows the normalized received signals in the three men-
tioned cases (the microphone alone, the microphone and cupped
pinna, the microphone and cupped pinna with the ear canal).
Fig. 5(c) shows the corresponding responses in the frequency
domain. From the signals, it is evident that the magnifying effect
of the ear canal for the cupped pinna is approximately three times
greater than that of the microphone alone. Furthermore, the peak
frequency shifted to a higher frequency when the pinna was in
the cupped position. The increase in the dominant frequency
amplitude is even greater in the case of cupped pinna with an
ear canal; a 40 % growth was observed and the normalized ampli-
tude almost doubled compared to the cupped pinna without an ear
canal. A higher SNR (magnification of the received signal) and a lar-
ger dominant frequency resulted in greater auditory sensitivity,
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Fig. 5. Example of received signals: (a) piezoelectric hammer impulse; (b) normalized microphone response; (c) frequency response of normalized microphone response.
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which consequently improved the detection capability of the
aye-aye in the search for tiny cavities. To better assess the impact
of the ear canal on the acoustic field, the received signals were ana-
lyzed in both the time and frequency domains.

3.1. Time domain

The receptive field versatile auditory system of the aye-aye was
measured in the time domain for the cupped pinna with and
without the ear canal. The cupping was done such that the position
of the pinna relative to the woodblock was precisely the same in
the two measurements. To this end, the average of the maximum
values of the normalized received signal envelopes for the three
simulated tapping source points was calculated at each gridded
point. First, the acoustic receptive field of the microphone alone
for non- normalized and normalized signals was determined (see
Fig. 6(a), and (b)). This independent acoustic measurement evalu-
ation was essential to remove the effect of the microphone acoustic
field by isolating the effect of some parts of the ear on the acoustic
field provided in the next steps. The microphone was placed at a
fixed distance with respect to the height, i.e., z axis, (approximately
100 mm) from the center of the area of interest, as schematically
demonstrated in the figures. The miniature hammer tapped the
woodblock sequentially using a robotic arm. The starting point
was located at the top left corner of the sample (azimuth axes
are at the origin of the Cartesian coordinates).

As previously mentioned, when forming the pinna in a cupped
shape, the aye-aye can create a strong focal area to increase the
SNR and spatial resolution [57]. In the first step, the effect of the
pinna alone on the sound field was considered. To generate the
acoustic field, the average of the maximum values of the normal-
ized received waveforms (normalized to the maximum impulse)
from three simulated tappings at each point was used. To eliminate
the effect of the microphone on the acoustic field, a magnification
factor was introduced [57]. This factor was derived by dividing the
normalized acoustic receptive field of the cupped pinna by the nor-
malized response of the microphone (shown in Fig. 6(b)). This
response function could isolate the impact of the pinna and remove
the effect of the microphone on the acoustic receptive field. Fig. 7
illustrates the magnification factor resulting from the cupped
pinna of the aye-aye. The pinna at a cupped position resulted in
the creation of a focal area (dashed circles on the top and bottom
left represented as high gain areas). The maximum magnification
value in this area was approximately 4 (five times higher than
the field generated by the microphone alone), which corresponded
to an increase of 12 dB in the SNR. This value was smaller than that
reported in the first study of the present authors [57] because of
the uncertainties associated with the experimental setup in their
biomimetic approach. The observed direction-dependent reso-
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Fig. 6. Acoustic field of microphone response: (a) the non-normalized response; (b) the normalized acoustic field.
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nances could be influenced by the aye-aye’s ear canal morpholog-
ical features, including the ear canal entry shape, which could be
used as an additional localization cue. Therefore, the effects of
these features were also considered.

Fig. 8 shows the normalized acoustic fields of the pinna with the
canal. The most fascinating observation is the generation of strong
focal areas in the presence of the ear canal (two dashed circles).
Fig. 8 shows that the magnification factor in the focal area, in this
case, increases up to 5 (25 % increase), which is equivalent to a
14 dB increase in SNR (this value corresponds to a 2 dB increase
in the SNR because of the ear canal). In other words, this result is
superior to those provided in Figs. 6 and 7. In all these cases, the
generated focal area was around the sound source location (tap-
ping point). In addition, the acoustic receptive field plot resulting
from the pinna and ear canal showed a directional pattern. Conse-
quently, the shape and morphological features of the aye-ayes’ ears
could significantly enhance cavity localization and abnormality
detection. According to these findings, the unique shapes of the

Normalized Amplitude [-]

Fig. 8. Acoustic field of the microphone and pinna with the canal.
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Fig. 9. Frequency domain analysis of the microphone response. (a) Histogram of peak frequencies for all simulated impacts. (b) The interpolated contour plot of each peak
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Fig. 10. Frequency domain analysis of the microphone and pinna response. (a) Histogram of peak frequencies for all simulated impacts. (b) The interpolated contour plot of

each peak frequency.

outer ear and ear canal modified the propagated sound properties
in terms of magnitude and SNR.

3.2. Frequency domain

Previously, the sound field was measured in the time domain,
and the results were discussed quantitatively in terms of temporal
magnification. Based on time-domain analysis of the acoustic field,
the aye-aye’s pinna and ear canal can substantially magnify the
acoustic field response by creating a focal area or potentially focal
point. Here, a frequency analysis was performed on the received
acoustic wave- forms. In this regard, the peak frequency (dominant
frequency) of each received signal is determined. The associated
histogram for the peak frequency in each case is shown in
Figs. 9-11(a). According to the histograms and dominant frequen-
cies represented in these figures, the dominant frequencies for
the pinna with ear canal are substantially increased in the focal

area with the maximum value of 5.4 kHz. It is evident from these
figures that the received signals showed higher sensitivity at larger
frequencies in the presence of the pinna and ear canal. This can be
attributed to the fact that a smaller wavelength (or larger fre-
quency) results in higher sensitivity to smaller cavity detection.
Interestingly, the maximum val- ues were observed near the focal
areas determined in the temporal analysis. The results also suggest
that the added features, more specifically the ear canal, substan-
tially improve the SNR for a particular peak frequency and result
in conspicuous qualitative changes in beam patterns. In other
words, the ear canal and its morphological features create a phys-
ical filter to filter out unnecessary frequencies more efficiently and
act as amplifiers for higher frequencies. The rise in the magnifica-
tion of a specific frequency while removing unnecessary sound
components around the focal point can be one of the key elements
allowing the aye-aye to show extraordinary near-field detection
capability during their tap-foraging process.
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4. Conclusions

Aye-ayes have several derived morphological traits in their
sensing and locomotion systems that facilitate percussive foraging
or tap-scanning processes. The morphology of the aye-aye’s pinna
and ear canal and their intricate anatomy results in a complex
acoustic field. This study investigated the effects of the ear canal
on the exceptional acoustic sensing and detection capabilities of
the aye-aye. To this end, the sound fields of two different scenarios
were compared through a cupped conformation: (1) the pinna
alone and (2) the pinna and the ear canal. The results obtained
from the biomimetic setup indicated that the pinna-related fea-
tures, and more specifically, the ear canal components, substan-
tially enhanced the acoustic receptive field sensitivity by creating
a conspicuous focal area or potentially small focal point to increase
the acoustic beam resolution and SNR. Furthermore, changing the
sound field beam pattern increased the receiver peak frequency
or dominant frequency, which can drastically enhance the sensitiv-
ity of the auditory system to minor defects. In summary, the find-
ings of this study revealed that the ear canal has a significant
impact on developing a sensitive biological acoustic field measure-
ment system by increasing the magnification of a specific fre-
quency while removing unnecessary sound components around
the focal point, which can be one of the key elements allowing
the aye-aye to demonstrate extraordinary near-field detection
capability during their tap-foraging process. The external ear of
the aye-aye evolved to create a physical filter to exclude unneces-
sary frequencies and potentially enhance neurological filtering
during the data processing stage. While the current study evalu-
ated the effects of the entire outer ear and ear canal, the effects
of the animal’s complex head were not considered. The impact of
the other features on the near-field acoustic sensing of the aye-
aye is currently being studied using numerical and biomimetic
approaches.
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