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ABSTRACT

Mosquito acoustic communication is studied for its sin-
gular and poorly-known in-flight hearing mechanism, for
its efficiency in mechanical-to-acoustical power trans-
duction, as well as for being the deadliest disease vec-
tor. A combined computational and experimental meth-
ods to predict and extract the wing-tone sound from indi-
vidual tethered or free-flying mosquitoes was developed.
This paper describes the experimental methods and gives
some preliminary results of the simulations. Simultane-
ous 3D video and 3D sound of Culex quinquefasciatus
mosquitoes were recorded. The sound map around the
mosquitoes was recorded in one or two planes with a rotat-
ing array of 12 microphones. Back-illuminated mosquito-
wings allowed to extract 11 vein-crossing locations on
each camera image (20,000 frames per second) over 3-
4 wingbeat periods to generate 3D deformations of the
wing. Sound data recorded by microphone arrays were
post-processed by using the physics-based independent
component analysis to filter out the noise and generate a
3D sound map. The simulated wing-tone sound pattern
generated from the aeroacoustic simulation agrees well
with the original recording in the experiment using the
microphone array. The methods we developed will allow
us to investigate the wing-tone soundscape of individual
mosquitoes during the courtship and mate-chasing.
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Copyright: ©2023 L. Feugère et al. This is an open-access ar-
ticle distributed under the terms of the Creative Commons At-
tribution 3.0 Unported License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the orig-
inal author and source are credited.
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1. INTRODUCTION

The aerial courtship dance of mosquitoes has fascinated
entomologists for more than two centuries [1, 2]. The
chase between female and male in mating swarms in-
volves highly controlled variations in the frequency and
intensity of flight-tones (i.e. sounds generated by the flap-
ping wings) [3–7] with concurrent changes in flight speed
and direction [8, 9], and enables detection of conspecifics
[9,10], possible display of fitness and transmission of mat-
ing interest [11,12]. However, despite over a century and a
half of research [13], significant knowledge gaps continue
to exist in our understanding of this behavior. To decipher
this courtship dance, entomologists must integrate acous-
tic, energetic and flight information for untethered, free-
flying mosquitoes, but the tools that can provide these data
have, so far, been limited [9, 14]. In the present study, we
combine the computational biomechanics and acoustics,
and behavioral entomology, to generate data and insights
into the biomechanics and physics of courtship-associated
acoustic communication in mosquitoes. By combining
computational modeling with biological assays, we gen-
erate frequency polar pattern of mosquitoes engaged in
mating-swarm behaviour.
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Figure 1: Experimental set-up for tethered (A) and
free-flying mosquitoes (B,C). High-speed cameras
(h1, h2, h3) are directed toward the centre of a mi-
crophone array back-lighted by IR-lights, while still-
cameras (s1, s2) record the space around the whole
circular microphone array. A: Schematic top view
of the tethered-mosquito setup with a rotating mi-
crophone array with fields of view of each high-
speed camera in blue. B: Schematic top view of the
free-flying setup, with fields of view of each high-
speed camera in blue, net boundaries in dashed lines
and square swarming marker in grey. C: Free-flying
mosquito setup (without the net) with an acoustic
foam used as a swarming mosquito marker.

2. METHOD

2.1 Mosquitoes

All experiments were performed with virgin Culex quin-
quefasciatus Say, ’Muheza’ strain (separated by sex< 24h
post-emergence). The colony was established at the Nat-
ural Resources Institute, University of Greenwich (UK)
from eggs provided by the London School of Hygiene and
Tropical Medicine, UK ,and kept in environmentally con-
trolled laboratory rooms with a 12h:12h light:dark cycle,
> 60% relative humidity and ∼ 24–26 ◦C.

The experiments were performed in July 2020 with
tethered mosquitoes and in October 2021 for free-flying
mosquitoes, at a time of the day corresponding to their cir-
cadium swarming phase (- 1 h to + 3 h after the beginning
of the 12 h dark cycle of the rearing room for the tethered
mosquitoes and between 0.3 h and 1.3 h for the free-flying
mosquitoes), in the presence of a light setup mimicking
the sunset as in [10]. For the tethered setup, a total of 13
males and 13 females were selected to be recorded based
on their ability to beat their wings without interruption.
Mosquitoes were tethered by warming bee wax on the tip
of a thin wire which was kept right after on the top of their
abdomen until the wax hardened. The other tip of the thin
wire was attached to a syringe needle, which was fixed to
a boom with adhesive putty. This let them beat their wing
freely while being immobile and let the experimenter ad-
just their position. They were recorded in an individual
configuration (i.e., no other mosquito around).

For the free-flying setup, 2- to 11-day-old males and
females were released in the recording cage. Only indi-
vidual males and females flying alone were selected for
the analysis of this paper. A 15 cm × 15 cm grey acous-
tic foam was used as a visual marker for the free-flying
mosquitoes to swarm around the audio-video recording
spot (Fig. 1). In Culex quinquefasciatus, the swarming
behaviour of a single or several mosquitoes consists of
a loop trajectories next to a visual marker [15]. When
adding the microphone array above the rectangular acous-
tic foam, the swarm centre moved to the foam side which
pointed toward the room lights, whatever the microphone
array position, so the array was moved on this side to have
the swarm centre at the centre of the array.

2.2 Audio/video recordings

High-speed cameras. Three high-speed cameras (FAST-
CAM Mini AX200, Mini AX100 and Nova S6 ) were fit-
ted with 105 mm macro lens (Zoom, Navitar) and an IR
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LED light (HAY-IR-70/30 or Bosch UFLED20-8BD) was
located in front of each camera, with the mosquito at a
distance of 20–22 cm from the camera lenses for the teth-
ered setup and 15–18 cm for the free-flying setup (Fig. 1).
Video resolutions were 384× 384 pixels with 20k images
per second for tethered mosquitoes and 512 × 512 pixels
with 22.5k images per second for free-flying mosquitoes.
For tethered mosquitoes, the focal points were set on the
mosquito’s left wing. The recording was triggered man-
ually and images were recorded under the software pro-
vided by the camera (Photron FASTCAM Viewer v4).

Microphones. For the wing-tone recording, twelve
omnidirectional miniature microphones (DPA 4060; fre-
quency range of 0.02–20 kHz with a 3 dB boost at 8–20
kHz) were spread over a 9cm-radius circular array (30◦

step) with a metal frame hung at the ceiling (Fig. 1) and
plugged to a sound interface (MOTU Stage B16 runned
on MacOSX 10.13.6). Sounds were recorded on a digital
audio workstation (AudioDesk 4.01 for the tethered setup,
Performer Lite 10.13 for the free-flying setup) at 24 bits,
and sampling rate of 192 kHz for the tethered mosquitoes
and 48 kHz for the free-flying mosquitoes. The cameras
were located as far as possible from the preparation to
limit sound reflections on the lens: the lenses were at
a minimum distance of 11 cm from the closest micro-
phone depending on the microphone and the array rota-
tion (Fig. 1) for the tethered setup and a minimum dis-
tance of 6 cm for the free-flying setup (Fig. 1B, C). For the
tethered setup, the microphone array was rotatable around
the vertical axis. Four rotations were performed for each
mosquito (0◦, 30◦, 60◦ and 90◦) but only two (0◦, 90◦;
Fig. 1A) were post-processed and included in the results.

Audiovisual synchronization. High-speed camera
and sound recordings were synchronized with the cam-
era’s synch pulse sent from one of the camera to the sound
interface. Synchronization sampling error was limited by
the high-speed camera sampling period, i.e., 50 µs. Due
to the speed difference between sound and light, at a given
time, the recorded sound corresponded to the sound gener-
ated by the wing at a distance of 9 cm, i.e. 265 µs before.

Large-field-of-view cameras and calibration. Two
cameras (Basler model-acA640-120gm for the tethered
setup; acA2040-90umNIR for the fre-flying setup) were
fitted with wide-angle lenses (Computar T3Z3510CS for
the tethered setup, Fujinon HF6XA-5M for the free-flying
setup) to capture a picture of the whole microphone-array
from two different views. They were plugged to a personal
computer (running on Windows 10) and recorded (Pylon
Viewer 6.2). Camera calibration were performed simulta-

neously for high-speed cameras and wide-angle cameras
by the help of a set of ®Lego pieces, for each recording.

Temperature. Room temperature ranged between
25 − 28◦C, measured with a logger (HH506RA, Omega
Engineering, Inc) and a thermocouple Type T, IEC 584
Class 1 (Omega Engineering, Inc) just above the micro-
phone array during each recording, with a total measure-
ment accuracy error of ±0.9◦C.

2.3 Wing kinematics reconstruction

To reconstruct the 4D wing kinematics, which is required
for the simulation, 11 landmark points on the mosquito
wings were tracked from the high-speed camera recording
data (Fig. 2a). For each mosquito recording, these points
were semi-manually recorded using the DLTdv software
[16] over ∼200 images (∼ 3–4 wingbeat periods) for each
of the three high-speed cameras. The wing kinematics and
deformations were extracted by applying the least-square-
fitting surface method. In addition to the wing twisting,
span wise and chord wise bending are also considered for
the wing deformation. The out-of-plane wing deformation
is fit into a second-order polynomial surface (Fig. 2b).

2.4 Physics based independent component analysis

The 3D sound data recorded from the experiment are pro-
cessed by applying a novel physics-based independent
component analysis. The method separates out the phys-
ically generated sound by using the free-space Green’s
function and thus is very effective to filter out background
noise. Assuming the wing-tone sound pressure recorded
by each microphone, p′j , is generated by the physical,
dipole source, F, and is contaminated by the statistically
same background noise, ε, the physical dipole source and
noise component in the frequency domain can be found
by using the singular value decomposition (SVD) of the
Green’s function matrix:

[
F(ω)
ε(ω)

]
= [Gj(ω) 1]

+ [
p′j(ω)

]
(1)

where Gj is the free-space Green’s function from
the source (mosquito) location to the j-th microphone
position, and + denotes a pseudo-inverse of the matrix.
The physical wing-tone, p′w,j can be then obtained by
[p′ω,j(ω)] = [Gj(ω)][F(ω)]. The processed 3D sound data
showed a typical dipole sound pattern which is a well-
known characteristics of wing tone sounds.
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Figure 2: (a) Mosquito wing and 11 landmark
points. (b) Reconstructed 3D wing model. (c) Aero-
dynamic simulation results for a representative teth-
ered mosquito case. Instantaneous vortical structure
visualized by the iso-surface of Q. (d) f0 sound di-
rectivity pattern for a tethered specimen. Dashed
line: simulation result; solid line: experimental mea-
surements by the microphone array; measured sound
pressure is processed by using the Green’s function
based ICA method.

2.5 Aerodynamic and aeroacoustic simulation

The CFD simulations presented herein are performed for
single free-flying mosquitoes using wing kinematics re-

constructed from the experimental recordings. These
computations are performed in a reference frame affixed
on the body of a translating mosquito. The mosquito wing,
which is discretely represented via triangular mesh ele-
ments, is modelled by a zero-thickness membrane using a
sharp-interface immersed-boundary method [17] and its
motion is prescribed using the reconstructed wing motion
data. Further details on the reconstruction of the wing mo-
tion will be discussed elsewhere.

The anterior end of the mosquito is pointed in the
−y direction. As a result, its nearly horizontal flapping
stroke lies in the x − y plane (Fig. 3a.) and the direc-
tion of the vertical weight-supporting force is +z. The
wing is immersed into a Cartesian volume grid of size
Lx × Ly × Lz = 5Ls × 10Ls × 10Ls (Ls is the span-
wise length of the wing). The flow domain is divided
into Nx × Ny × Nz = 193 × 257 × 257 grid points.
A uniform albeit fine mesh, with a grid size of 0.01Ls,
is employed in the section that covers the flapping vol-
ume and the region penetrated by flapping-induced vor-
tices. Neumann boundary conditions for all three compo-
nents of the velocity vector are applied at five out of the
six faces of the flow domain. As the aerodynamic study
investigates the flow physics and the vortical patterns in-
duced by one flapping wing, a symmetry condition is in-
stead imposed on the sagittal plane (x = 0). The computa-
tional time step is fixed at ∆t = 0.001/f0, which resolves
one wing-beat cycle in 1000 time steps and ensures that
the Courant–Friedrichs–Lewy condition is below 0.5. All
CFD simulations are performed for five wing-beat cycles
and only the results from the final cycle are used for anal-
ysis. However, it is important to note that the computed
force/power levels and the examined coherent structures
are virtually identical in cycles 2-5.

The aeroacoustic sound generated by the wing’s
flapping motion is predicted by employing the well-
established formulation for the moving surface – the
Ffowcs Williams and Hawkings (FW-H) equation. The
FW-H equation has been widely used for the prediction of
aeroacoustic sound from rotating blades, and also for the
sound from flapping wings. We employ an integral for-
mulation of the FW-H equation [18]. The surface pressure
distributions on the wing obtained from the aerodynamic
simulation are recorded at every time step, and the sound
pressure is calculated by the FW-H equation from the sur-
face pressure and velocity data. More details about the
simulation methods can be found in [19].
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Figure 3: (a) An instantaneous snapshot of the wing
during the flapping cycle upon construction from ex-
perimental data and for use in CFD simulations. The
position of the 11 points tracked during the experi-
ment at the same instant is also included using red
cubes. Temporal variation of the pressure-induced
lift, drag and side force along the flapping cycle for
(b) M1 and (c) F1. Thick and thin lines in (b, c)
represent the results from two distinctly constructed
wing kinematics that correspond to a different cy-
cle in the recording flapping motion. Downstroke:
2.0 ≤ t/T ≤ 2.5; upstroke: 2.5 ≤ t/T ≤ 3.0.

3. RESULTS

To verify and validate the reconstruction, data process-
ing, and simulation methods, the described methods are
first applied to a tethered mosquito. The wing kinemat-
ics and deformation are reconstructed from the high-speed
video recording data, and the aerodynamic simulation is
performed. Within the tethered subclass, the wing-tone
sounds at the micro-phone array locations as predicted by
the FW-H equation are compared against the measured
ones to validate the methods.

The recorded wing-tone sound, however, did not show
a typical dipole pattern because of the background noise.
At the distance of 9 cm, the wing-tone sound was as
weak as about 20 dB at the peak and thus the signal-
noise ratio was low. To extract the physical wing-tone
sound, the physics based independent component analy-
sis (ICA), and the processed sound data showed a typical
dipole pattern which is well known characteristic of wing
tone sound. The simulated wing-tone pattern compares
very well with the recorded and processed data (Fig. 2d),
though the recorded data showed a substantial cycle-to-
cycle variation which is about ± 10 dB. The present re-
sults showed that the wing- tone from individual mosquito
can be predicted with reasonable accuracy by using the
kinematics reconstruction and aerodynamic/acoustic sim-
ulations, and this enables one to investigate the wing-tone
communications in courtship and mate chasing.

Within the free-flying subclass, wing kinematics are
constructed for six individuals (three males and three fe-
males). These are then used to set up aerodynamic and
aeroacoustic simulation for each specimen. Here we re-
strict our discussion to one representative male (M1) (left
wing) and one representative female (F1) (right wing),
both of which are performing a slow descent. Instanta-
neous snapshots of the wing surface along with the corre-
sponding positions of the 11 points tracked in the digitiz-
ing exercise are presented in Fig. 3a. The objective is to
highlight the quality of the spatio-temporal wing kinemat-
ics constructed for setting up the CFD simulations. Sev-
eral parameters that categorize different aspects of these
two individuals are provided in Tab. 1. While all 6 in-
dividuals translate at virtually uniform - albeit different
- velocities, it is clear from video recordings that they
are all in free flight. For instance, of the three males
recorded, one is descending gradually whereas the other
two are in a slow ascending flight. The choice of per-
forming the CFD simulations without externally imposed
free-stream velocity (U∞) is justified by the small advance
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ratio J = U∞/vtip < 0.1 in Tab. 1. Despite the translat-
ing aspect of their flight, the very small levels of J imply
that both individuals (M1 and F1) are roughly hovering.

Table 1: A summary of several parameters that cate-
gorized the two cases discussed here: M1 and F1.

Parameter M1 F1

Wingbeat frequency f0 750 Hz 450 Hz

Reynolds number Res = L2
sf0
ν 310 410

Reduced frequency f∗ = Lcf0
vtip

0.12 0.08
Advance ratio J = U∞/vtip 0.07 0.04
Stroke amplitude (∆φ) 36◦ 42◦

Pitch (∆γ) 109◦ 148◦

Mean lift force Fz 3.5 µN 9.1 µN
Mean drag force Fy 1.1 µN 90.0 µN
Mean lift by upstroke 54 % 48 %

The temporal variation of lift and drag forces along
the flapping cycle for M1 and F1 is presented in Fig. 3b-
c. The higher mean force levels for case F1 are expected
as it operates at a higher Reynold number (Res). The ob-
servation from these two individuals that peak lift occurs
near the middle of the upstroke is consistent with the re-
sult by [14, 19]. But this observation does not extend to
all individuals tested. However, what is consistent across
all free flying individuals simulated is the fact that mean
lift produced during the downstroke (0 ≤ t/T ≤ 0.5) and
upstroke (0.5 ≤ t/T ≤ 1.0) is essentially identical. Vor-
tical structures that develop around the wing for case M1

in a cross-spanwise plane at x/Ls = 0.7 and at four key
time instants in the flapping cycle are presented in Fig. 4.
It is evident that peak lift during each half stroke coincides
with the moment at which the trailing edge vortex (TEV)
is around its largest size and closest to the trailing edge.
Despite the apparent significance of the TEV, the major
contributor to aerodynamic lift for free flying mosquitoes
is the thin ‘underside shear layer (USL)’ that develops on
the pressure side of the wing. The USL in turn feeds the
TEV. In contrast to the TEV, a dominant leading edge vor-
tex that would grow before shedding is not observed. This
is not surprising given the shallow strokes and the rapid
pitching component of the overall flapping motion.

The importance of the USL is confirmed by apply-
ing the Force Partitioning Method (FPM) [20–22] to the

(a) t/T = 0.16 (b) t/T = 0.22

(c) t/T = 0.74 (d) t/T = 0.80

Figure 4: Spanwise vorticity (ωx) for case M1 in
a yz−plane at x/Ls = 0.7. (a) Peak drag dur-
ing downstroke, (b) peak lift during downstroke, (c)
peak lift during upstroke and (d) peak drag during
upstroke.

resulting flow field. The FPM offers a mathematical par-
titioning of the total pressure force on the wing surface
into components due to vortical regions, added-mass ef-
fects, and viscous momentum diffusion. Perhaps more
importantly, the FPM allows one to quantitatively identify
dynamically important vortical regions within the aero-
dynamic field. Further details of the FPM are provided
by [23]. Among the three constituent elements of the
mean pressure-induced lift, the term due to the vortical
regions, also referred to as the vortex-induced lift (VIL),
is the largest contributor at 61% for case M1 (Fig. 5a).
While the other two components also induce a positive
lift in the mean sense, with lift due to viscous momen-
tum diffusion being the dominant one at 32%, the contri-
bution by the added-mass term has a negative correlation
with the VIL term. It is worth highlighting that the added-
mass term is independent ofRes, whereas the contribution
by viscous momentum diffusion would decrease progres-
sively with increasing Res (i.e. higher wingtip velocity).
Furthermore, there is non-negligible cycle-to-cycle varia-
tion in the 11 experimentally tracked points sited on the
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wing. This is accounted for by performing CFD simula-
tions for every individual using two distinct sets of wing
kinematics, where each set represents a different cycle of
the flapping motion (Fig. 3b-c).

(a)
theta

(b)

Figure 5: (a) Temporal variation of different com-
ponents of the FPM that constitute the total lift force
along a flapping cycle of case M1. Normalization
of the ordinate is by length of the wingspan Ls and
wingbeat frequency f0. (b) Directivity patterns of the
SPL (in dB) at f0 (top) and f1 (bottom) for case M1.

The directivity pattern of the sound pressure level
(SPL) at the fundamental (f0) and superharmonic fre-
quencies in the sagittal plane (x = 0), as predicted by
the FW-H equation for M1, is presented in Fig. 5b. Apart
from their symmetric bimodal shape, we see that the SPL
radiates mostly in the horizontal and vertical directions at
f0 and f1 frequencies, respectively. As noted by [19], the
former is a consequence of strong temporal fluctuations of
the drag force at f0, while the latter is a result of dominant
temporal fluctuations of the lift force at f1.
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