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beamline’s fast 2D phase contrast imaging, giving stacks of
images along the z-axis at intervals of 1.72 pm.

Raw microtomographic images were cropped and down-
sampled using FIJI (33) and segmented in SlicerMorph, (34)
an imaging extension of 3D Slicer. To segment, features of
the tympana were highlighted and then rendered in 3D for
applicable measurements. The three-dimensional scans are
available upon request.

Fig. 2. 3D rendering of tympanal organs and frontal prothorax of the fly Ormia
ochracea. Tympanal membranes highlighted in blue (ii.), with supporting structures
highlighted in peach. Orientation of image relative to O. ochracea body indicated in
schematics at top right of images. 3D images made in SlicerMorph software. (34)

Previous model. The previous model of binaural hearing in
0. ochracea includes two components: a mechanical model of
the anatomy and a corresponding mathematical model. The
mechanical model (15) treats the tympanal structure as a
pair of beams pinned at a central pivot, with lumped-mass
approximations of the two sides of the hearing organ located
at the ends of the beams (Fig. 3A,B). The beams are anchored
to the substrate at their distal ends with a pair of symmetric
spring-damper elements, and to each other with a third spring-
damper element (Fig. 3B). Pressure forces from incident sound
waves are applied to the point masses via a forcing function
composed of the product of the incident pressure magnitude,
the inward-facing unit normal vector, and the tympanal surface
area, A (see the Supplemental Material for numerical values
used in this study). A time delay is applied between the left
and right sides based on the angle 6 the incoming sound wave
has relative to the midline of the fly, with 0° defined as straight
ahead (15).

The mathematical model is a set of coupled ordinary dif-
ferential equations that are the equations of motion for the
mechanical model. It treats the incident acoustic pressure act-
ing on the tympanal membranes as two point forces, f1(¢) and
f2(t), acting on the point masses representing the tympanal
membranes and associated structures. The dependent variable
in the problem is X (t), which represents the one-dimensional
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response of each tympanum. The model can be written as:
c1+c3 c3 ,
X X
] + |: c3 c2 +c3 ]
m 0 .
t [ 0 m :| x=f,

£t
f= [ (t Er)&)} 2]

where X = (z1(¢),z2(t)) is the unknown response vector con-
taining the vertical displacement of the left and rightmost
tips of the beams in Figure 3B, which represent the two sides
of the intertympanal cuticular bridge, the applied force is
f = (f1(t), f2(t)), and () represents differentiation with re-
spect to time, t. The parameters k; and c¢; are spring stiffness
and damper constants, respectively, and the parameter m
is the effective mass of all the moving parts of the auditory

system (15).

ki1 + ks ks
k3 ko + k3 0

Fig. 3. Modeling of binaural hearing in the fly Ormia ochracea. (A) Schematic of
the coupled tympanal membranes of O. ochracea (peach-colored, labeled 1 and 2),
connected by the cuticular bridge (blue) with sound incident at degrees. (B) The
hearing system can be represented as a pair of coupled beams joined and anchored
by a set of springs and dampers (adapted from Liu et al. (35). (C) The q2D model
has an asymmetric response: the spring and damper coefficients on the contraleral
(opposite) side from the sound source increase as a function of incident sound angle,
while the coefficients on the ipsialateral side remain constant.

Q2D model modifications based on ormiine morphology. In
Miles et al.’s analysis of their model, the ormiine hearing
structure is assumed to be left-right symmetrical, and the
spring and damper coefficients on the right and left sides are
identical and constant for all incident sound angles, with k1 =
ke = k and ¢1 = c2 = ¢, independent of the values of ks and
C3.

In order to add a realistic degree of sensitivity to the angle
of the incoming sound, we modified the spring and damper
parameters to incorporate aspects of the 3D morphology of
the fly’s hearing organ. Specifically, we did this by treating
the magnitude of k and ¢ as functions of the incoming sound
angle. The functions were structured such that for an incident
sound angle above £30°, the k and c values corresponding
to the contralateral tympanum are increased compared to
those for the ipsilateral tympanum, mimicking the presence of
lateral sides on the tympana, which can both shield the rest
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of the structure and be more responsive to laterally oriented
incoming sounds (Fig. 3C). We provided the following quasi-
two-dimensional modification to the Miles model of ormiine
hearing:

ko if 6 < [30°|
k(0) = { alflko + 8 if [55°] > 6 > [309] 3]
kg if 0 > |55°
_kf—ko
*= o 4
_ 2.6ko
b= 51

where ko and ky are the minimum and maximum values that
the spring stiffness coefficients can take on, respectively. The
form of the modified spring coefficient function, two constant
segments with a linear ramp between |30|° and |55|° (Fig. 3C,
Fig. 4A), was informed by the lateralization behavior observed
in O. ochracea (20) and the analysis of an O. ochracea-inspired
sensor (35). These works indicated the presence of two separate
behavioral regimes, a localization regime from 0° to < |30|° and
a lateralization regime at higher angles. This choice is further
supported by the accuracy of the fit to experimental data
for sound incident at > |30|° (Fig. 4B,C), and physically
represents a degree of elastic response to incoming sound
waves in the lateral direction .

The constants in equations 3-5 were chosen to provide
the best fit to the available behavioral data (15): mITD and
mlIAD derived from laser-vibrometry measurements of tympa-
nal membrane vibrations in O. ochracea specimens in response
to a 6 kHz sound source, as a function of incident sound an-
gle. The coefficients are only modified on the contralateral
side and remain constant for the side on which the sound
source is located. As the incident sound angle approaches
+90° relative to the fly’s head, the spring coefficient for the
contralateral side increases from ko, and approaches ky accord-
ing to Equation 3. For example, for sound incident from 30°,
the spring and damper coefficients for the left side, k1 and c1,
would change and k2 and c2 would remain unchanged. We
assume the total tympanal surface area, A, is fixed, and we
use previously established values (15) throughout this work
(A = 0.288210"%m?). The increases in the spring and damper
coefficients, normalized relative to their nominal values (ko),
are visible in Figure 4A.

MATLAB’s ODE45 function was used to integrate equa-
tions 1-2 and a custom peak-finding algorithm was imple-
mented to calculate mITD and mIAD. Further computational
details and a link to representative code samples can be found
in the Supplemental Material.

Results

The tympana of O. ochracea protrude anteriorly from un-
derneath the cervix (fly’s neck), with distinct lateral faces
and sharp curvature (Fig. 2). Figure 2 shows 3D surface
renderings of O. ochracea tympanal membranes in teal, with
the supporting structures highlighted in peach. The organs
are far from the simple two-dimensional surfaces most often
depicted in the literature (14, 15, 28, 35). These new 3D
models motivated our modifications to include aspects of ac-
tual morphology. The confirmation of significant lateral-facing
portions of the tympana led to the modifications present in

4 | www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX

the 2D model (equations 3-5), which account for the lateral
tymapanal response to acoustic stimuli.

Values of mITD and mIAD, calculated from the q2D and
Miles models, are shown in Figure 4B as a function of incident
sound angle, and are compared to experimental measurements
in recently sacrificed O. ochracea specimens (15). Both models
are identical for incident sound angles less than +30°, so
the results are identical within that range (Fig. 4C, gray
box). When we included the lateral response through the
new k(6) and c(f) functions, the gap between experimental
measurements and model results in both mIAD and mITD
narrowed significantly for 6 kHz signal input (Fig. 4B,C), with
the q2D model having average error of approximately 6% and
a peak error of approximately 28% in mITD, and an average
error of approximately 7% and a peak error of approximately
10% in mIAD. These results additionally confirm that aspects
of mechanics in two dimensions are important elements of
ormiine hearing.

Discussion

In this paper, we present the results of 3D X-ray synchrotron
imaging of the mechanically-coupled tympana in the para-
sitoid fly, Ormia ochracea, and our subsequent modification
to the classic mathematical model of hearing in O. ochracea
inspired by those results. The tympanal organ was confirmed
to be highly 3D, with significant lateral-facing membranes,
in contrast to the commonly simplified representation of the
membranes as flat, front-facing plates.

Detailed knowledge of the hearing organ’s morphology al-
lowed us to update the classic 1995 one-dimensional mathe-
matical model into a quasi-two-dimensional model of ormiine
hearing that mimics the tympanal organ response in the lateral
direction. Our updated q2D model has significantly improved
fidelity to available experimental data (15) compared to the
Miles model, both in the mechanical interaural time delay
(mITD) and in the mechanical interaural amplitude differ-
ence (mIAD) (Fig.4B,C). When compared to the Miles model,
the new q2D model exhibits maximum errors (relative to ex-
perimental values) reduced by approximately 50% and 85%
respectively. This strongly supports the premise that there are
important aspects of the mechanics of Ormia hearing aside
from the response of the front-facing tympanal membranes,
and that the entirety of the hearing organ structures are sen-
sitive to the angle of incoming sound, a feature that was not
included in the Miles model.

Prior to our study, the original Miles model was the only
existing model of ICE (internally coupled ears)-based hearing
in ormiine flies (36). This is one of the first attempts to update
the foundational Miles model for hearing in O. ochracea. Our
model may be further refined by incorporating additional me-
chanical behaviors of the tympana, such as tympanal deflection
in the lateral direction or a representation of the tympanal
response in the vertical direction. It could also be improved by
simple analytic modifications to expand the model’s capabili-
ties without impacting its tractability, such as using functions
that are more flexible than simple linear ramps for the spring
and damper coefficients. For example, in our q2D model, the
"bump" visible near +45° in mIAD in Figure 4B and the uptick
at the same point in mITD may be a result of the values for
either the springs, dampers, or the ratio between the two,
being slightly too high at that point. It is also important to
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A Asymmetric 2D model response to incoming sound

B Model comparisons with data

C New g2D model has low % error
q

20 i 80 i
Extended model accuracy [m)
from +30° to +90° 10 < 60
m g 0% difference
g o o 40 between
< 0 models . 42D Model
[S 10 == ;2D Model x 20 Miles Model
) Miles Model
Experimental data ,_r/v"\/\
-20 0
100 i 20 ii.
o)
50 =15
D €
=1 .
N o 210
- . - = 0
Damper coefficients ¢ Spring coefficients k € o
-50 3~ 5
right left A Miles model range of accuracy 100 0
¢, k q2D model coefficients vary D model range of 4ceUrac -100 -50 0 50 100 -100 -50 0 50 100
with sound angle d 9 4 Incident angle (©) Incident angle (6)

Fig. 4. Model modifications and comparison between the Miles model, experimental data, and g2D model. (A) The modified quasi-two-dimensional (q2D) model shows
improved range of accuracy in its response to incident sound. In the g2D model, the normalized damper (red) and spring (blue) coefficients are functions of the incoming sound
angle. The improved g2D model responds accurately within £290°, compared to £30° for the Miles model. Experimental and model results (B) and error (C) in mITD and
mlAD for the standard one-dimensional (Miles model) and g2D models. In (B), mITD and mIAD were calculated from the g2D and Miles models as a function of incident sound
angle for a frequency of 6000 Hz, and compared with laser-vibrometry measurements from recently deceased O. ochracea specimens (15). The significant divergence from
behavioral data present in the Miles model outside 4+-30°, particularly for mIAD, is rectified in the modified g2D model. In (C), the gray box indicates errors below 4+30°, which
are not considered because the 2D and Miles models are identical for these ranges. The errors for the 2D model peak close to +30°, then decrease as the incident sound

angle is increased.

note that this work and the Miles model both rely on tuning
the coefficients so that the model outputs better match the ex-
perimental response to sinusoidal input (2 kHz for the original
1995 work and 6 kHz for the work here). Although the model’s
performance was not observed to degrade at other frequencies
that we checked, the degree of improvement (relative to the
6 kHz experimental data) was far less significant for other
frequencies. The model’s reduced performance at frequencies
other than those tuned specifically for crickets could poten-
tially be resolved by introducing other morphological features
in the form of frequency-dependent functions, in a similar way
as we have introduced spatially-dependent functions here.

Our model demonstrates that the mechanics of hearing in O.
ochracea are dependent on the complex tympanal morphology
present in the animal, especially with respect to mIAD, and in-
dicates that this morphology serves a specific angle-dependent
role in responding to incoming sound waves. The inclusion
of angle-dependent behavior in the spring and damper coef-
ficients provides a more accurate understanding of how the
insect receives sound. Previous work has demonstrated that
O. ochracea engages in different behaviors depending on the
relative angle of incoming sound (15, 20, 35, 37), with two
distinct response patterns. In the first, from 0° to +30°, the
fly makes relatively narrow adjustments to localize the origin
of the sound (localization). In the other, at angles exceed-
ing approximately +30°, the fly makes significantly larger
adjustments, more akin to determining the side from which
the sound originates (lateralization). Our results show that
this difference in response is not strictly a result of behavioral
differences, but is paired with a difference in physiological
responses to incoming sound.

Furthermore, there is growing evidence that some O.
ochracea are involved in an evolutionary arms race with their
host species (38, 39), and that they are capable of differen-
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tiating between different cricket host species based on their
acoustic signalling, exhibiting preference towards local popu-
lations (40). Consequently, the mechanical parameters for the
model may depend heavily not only on the geographic origin
of O. ochracea samples, but also when collection occurred.
The degree of tuning to host-searching behavior, as opposed
to predator-avoidance behavior, also remains unaddressed ex-
perimentally, despite the startle responses when in flight and
subjected to sound consistent with bat sonar frequencies (9).
O. ochracea also exhibits a sorting behavior (being able to
rapidly categorize sounds as belonging to a predator or not) in
response to predator-consistent sound sources, as opposed to
host or neutral sound sources (9). O. ochracea is also only one
of many Ormia species, which parasitize a diverse range hosts,
and display different behavioral responses to the acoustic sig-
nalling of their hosts (7). Only O. ochracea has been examined
in sufficient detail to develop a mechanical model with accu-
rate parameters; consequently, it may be worth investigating
the mechanics of other ormiine species (7, 41), and developing
mechanical models similar to the q2D model presented here.
It may also be worth revisiting the hearing organs in Emble-
masoma, another group of parasitoid flies, which represent
a case of convergent evolution in a distantly related family,
Sarcophagidae (42, 43).

O. ochracea’s hearing system has repeatedly served as a
source of inspiration for bio-inspired designs for directional
microphones and hearing aids (22-28, 35). Including the
angle-dependent behavior of the expanded q2D model in fu-
ture Ormia-inspired device designs may also provide significant
avenues for improvement in device performance, or may ex-
pand the functionality of devices like acoustic sensors through
miniaturization and tunable frequency sensitivities. Currently,
work is being undertaken to explore the inclusion of lateral
faces on a directional microphone to further study the role that
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these elements play and to attempt to develop a novel practical
application. However, there are numerous avenues for explo-
ration remaining, both experimental and theoretical. These
include the development of improved bio-inspired technology
by incorporating higher-dimensional features and parameter
variations in the mechanical system, studying the behavior
of the model at frequencies commensurate with bat sonar,
and investigating the role that mechanical differences play in
O. ochracea’s hearing when addressing acoustic preferences.
Finally, our expanded 2D model is the first mathematical
model of hearing in an binaural fly that is accurate for all mea-
sured incident sound angles. It demonstrates the importance
of incorporating higher-dimensional model elements consis-
tent with observed physiology, furthering our understanding
of binaural and insect hearing.
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mIAD  Mechanical Interaural Amplitude Difference
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