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Abstract

One of the most ancient and evolutionarily conserved behaviors in the animal kingdom involves
utilizing wind-borne odor plumes to track essential elements such as food, mates, and predators.
Insects, particularly flies, demonstrate a remarkable proficiency in this behavior, efficiently
processing complex odor information encompassing concentrations, direction, and speed through
their olfactory system, thereby facilitating effective odor-guided navigation. Recent years have
witnessed substantial research explaining the impact of wing flexibility and kinematics on the
aerodynamics and flow field physics governing the flight of insects. However, the relationship
between the flow field and olfactory functions remains largely unexplored, presenting an attractive
frontier with numerous intriguing questions. One such question pertains to whether flies
intentionally manipulate the flow field around their antennae using their wing structure and
kinematics to augment their olfactory capabilities. To address this question, we first reconstructed
the wing kinematics based on high-speed video recordings of wing surface deformation.
Subsequently, we simulated the unsteady flow field and odorant transport during the forward flight
of blue bottle flies (Calliphora vomitoria) by solving the Navier—Stokes equations and odorant
advection—diffusion equations using an in-house computational fluid dynamics solver. Our
simulation results demonstrated that flexible wings generated greater cycle-averaged aerodynamic
forces compared to purely rigid flapping wings, underscoring the aerodynamic advantages of wing
flexibility. Additionally, flexible wings produced 25% greater odor intensity, enhancing the insect’s

ability to detect and interpret olfactory cues. This study not only advances our understanding of
the intricate interplay between wing motion, aerodynamics, and olfactory capabilities in flying
insects but also raises intriguing questions about the intentional modulation of flow fields for

sensory purposes in other behaviors.

1. Introduction

Insects exhibit a remarkable ability to navigate their
environments using sophisticated sensory systems [1,
2]. One of the most crucial sensory modalities is
olfaction, which allows insects to detect and interpret
chemical signals in their surroundings. This capabil-
ity is vital for a variety of behaviors, including for-
aging, mating, and avoiding predators. Insects rely
on their antennae, specialized sensory organs that
play a critical role in detecting odors. Additionally,

© 2025 The Author(s). Published by IOP Publishing Ltd

the antennae are mechanosensitive, capable of detect-
ing changes in airflow, which provide critical feed-
back for stabilizing flight and navigating wind-borne
odor plumes [3-6]. Studies have shown that antennae
play a complementary role to vision, with mechano-
sensory feedback enabling fast responses to airflow
changes, while vision provides delayed but essential
information about surroundings, including ground-
speed estimation [7, 8]. This integration of sensory
modalities enables insects to adapt to complex and
dynamic environments with remarkable efficiency.
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During flapping flight, the unsteady aerodynam-
ics of insect wings are a critical aspect of their flight
mechanics, which directly impacts their ability to util-
ize olfactory cues effectively [9]. Insect flight is char-
acterized by dynamic wing movements that gener-
ate lift and manage drag [10-13]. In forward flight,
the lift force is predominantly produced during the
downstroke, while drag is primarily managed during
the upstroke [10-13]. Computational fluid dynam-
ics (CFD) simulations have provided insights into
the distribution of aerodynamic forces, revealing that
most of the lift is generated around the leading edge of
the wing, while power consumption is concentrated
around the wingtip [10-13]. These aerodynamic fea-
tures not only support stable flight but also facilitate
the insect’s ability to follow wind-borne odor plumes
by maintaining proper positioning relative to the air-
flow. The integration of this aerodynamic feedback
with olfactory sensory input is essential for efficient
navigation in complex environments. Recent studies,
such as those by Fuller et al and Patel et al have shown
that the coordination of flight dynamics and olfact-
ory processing enables insects to rapidly adjust their
flight path in response to changes in wind and odor
gradients [7, 14]. These findings demonstrate that
the coordination between aerodynamic forces, flight
dynamics, and olfactory sensory input allows insects
to track odor plumes and navigate through varying
environmental conditions more efficiently. This syn-
ergy between the aerodynamic and sensory systems is
key to optimizing both flight and olfactory behaviors,
ensuring that insects can quickly respond to changes
in their surroundings.

While studies suggest that the antennae response
in flying insects is tuned to the periodicity of wing
beats [15], this does not imply that wing beats dir-
ectly function as a ‘sniffing’ mechanism. Instead,
the periodicity of the wing beats may influence the
timing of olfactory processing, as the insect’s sens-
ory systems, including the antennae, are tuned to
environmental cues that fluctuate in sync with flight
dynamics. The flapping motion of insect wings gen-
erates oscillations in the surrounding air, modulat-
ing the concentration of odor molecules near the
antennae [5]. Research has demonstrated that wing
motion increases the concentration of odors around
the antenna and introduces pulses in odor plumes,
which helps insects maintain sensitivity and effect-
ively track odors [16, 17]. Studies such as those by
Tripathy et al [18] have shown that these oscillations
prevent sensory adaptation, allowing insects to follow
odor plumes more accurately. However, Tripathy et al
primarily focusses on the antennal and antennal lobe
responses to odorants pulsed at frequencies match-
ing the natural wingbeat frequency. Their study does
not directly show that the movement of the wings
enhances odor concentrations or generates pulses
within the odor plumes. To support the broader
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idea of wing motion influencing odor concentration,
Lou et al, conducted numerical simulations on mon-
arch butterflies [6]. Their findings indicate that the
interaction between wing flapping motion and the
antennae significantly increases fluctuations in odor
intensity along the antennae. In their simulations,
the amplitude of these fluctuations was enhanced by
up to 8.4 times due to the wing—antenna interaction,
with wing-induced flow accounting for up to 88.10%
of the odor fluctuation. This emphasizes the role of
wing motion in enhancing odor concentration and
olfactory performance during flight. Several Studies
have investigated the interaction between odor fluc-
tuations and sensory efficiency during insect flight,
highlighting how turbulent plumes and pulsed odor
signals aid navigation [19-21]. These works emphas-
ize that odor detection and tracking are facilitated by
intermittent odor encounters, which prevent sensory
adaptation and maintain high sensitivity. Although
they do not explicitly claim that moth wings dir-
ect odor toward the antenna, they underline the role
of fluctuating odor signals in enhancing navigational
efficiency and the ability to locate odor sources in
complex environments.

The role of wing motion in enhancing odor track-
ing has been explored across various insect species.
Li et al [3] found that this wing motion increases the
odor intensity around fruit fly antennae by approx-
imately 1.8 times during forward flight. The studies
highlight that insect wing motion plays a critical role
in enhancing olfactory function by generating oscil-
lations that increase odor concentration, create odor
pulses, prevent sensory adaptation, and improve nav-
igation within odor plumes. Cardé et al [5] investig-
ated how insects detect odors in distant wind-borne
plumes, while Menzel and Greggor [22] examined
odor-guided navigation in honeybees, revealing their
ability to follow odors over distances exceeding 300 m.
Saxena et al [23] studied odor tracking in fruit flies
and observed how they adjust speed and direction
in response to odor plumes. Freas and Spetch [24]
investigated various navigational strategies in insects,
focusing on how they utilize different visual cues
to navigate through complex odor environments.
The spatial distribution of odor intensity along the
antenna varies, with different regions exhibiting vary-
ing sensitivities to odor stimuli.

Beyond wing motion, the interaction between
aerodynamic forces and olfactory performance is
influenced by flight dynamics and environmental tur-
bulence. During flight, insects encounter turbulent
airflows that affect odor dispersion and detection.
Research has shown that turbulence generated by
wing flapping can either enhance or disrupt odor
tracking, depending on the airflow conditions and the
structure of the odor plume [25]. Lei et al [25], invest-
igated how wing-induced turbulence influences the
structure of odor plumes, affecting an insect’s ability
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to detect and respond to odors. Lei and Li [26] further
demonstrated that the effectiveness of odor reception
varies with flight speed. At lower reduced frequencies,
wing motion interferes with odor transport, while at
higher frequencies, it enhances sensitivity to odors.
Additionally, passive wing pitching has been shown
to direct odor plumes toward an insect’s antennae, as
observed in fruit flies [27]. Lionetti et al [28] stud-
ied how wind speed impacts the olfactory capabilities
of hawkmoths, reporting that odor intensity near the
antenna is 39% greater at lower speeds (2 ms~!) than
at higher speeds (4 ms™").

Despite the advancements in understanding aero-
dynamic performance and olfactory navigation, there
is a notable gap in research that integrates these
aspects. While individual studies have explored insect
flight dynamics and wing motion effects on olfaction,
the interaction between these domains remains inad-
equately understood. Comprehensive research com-
bining aerodynamic simulations with olfactory per-
formance analyses is essential for elucidating the com-
plex relationship between flight dynamics and odor
detection. This study aims to address these gaps by
investigating the blue bottle fly’s wing motion and its
impact on olfactory performance.

Flies are renowned for their exceptional flying
capabilities, demonstrating proficiency across a wide
range of speeds and executing highly agile maneuvers
[29-31]. Extensive research has been conducted to
understand the aerodynamics of flies, including stud-
ies by Engles et al who measured aerodynamic
efficiency across various fly types. Their research
explored different vane structures and wing flexibil-
ity, as well as the effects of corrugation on aerody-
namic performance [29-31]. Additionally, Hsu et al
conducted a focused study on the blue bottle fly,
employing a magnetically levitated (MAGLEV) flight
mill to measure flight speed and wing kinematics.
Their study involved observing the blue bottle fly at
multiple speeds and calculating the corresponding
wing kinematics for each velocity scenario [29-31].

By utilizing the MAGLEV flight mill to record
the fly’s flight, we reconstructed its wing, body, and
kinematics and simulated them using an immersed
boundary method (IBM) in our solver. An odor
source was strategically placed in front of the fly dur-
ing simulations to evaluate olfactory performance.
This study aims to address several key research ques-
tions related to the interplay between wing motion
and olfactory performance in blue bottle flies. First,
it seeks to determine how wing motion affects olfact-
ory performance by investigating the impact of wing-
induced airflow on the fly’s ability to detect odors.
To achieve this, the research compares aerodynamic
simulations across different wing motion scenarios.
Second, the study explores the differences in olfact-
ory performance between three distinct scenarios:
one with natural wing motion (baseline case), one
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without wing motion (body-only case), and one with
arigid wing model. This comparison aims to quantify
how the presence and dynamics of wing motion influ-
ence odor detection. By analyzing these simulations
in various scenarios, the research seeks to under-
stand the relationship between aerodynamic forces
and the fly’s ability to sense and navigate towards
odors.

2. Methodology

2.1. Experimental setup and filming procedures
Blue bottle fly (Calliphora Vomitoria) flight was
observed using a MAGLEYV flight mill comprised of
four main components which includes shaft, walls,
magnets, and cameras. The mill consists of only one
shaft with a damper which allows only horizontal
motion. One inner and one outer wall which act
as boundary. For high-speed video recording, three
cameras are placed for the bottom side and top view.
The flies were documented within a circular enclos-
ure measuring (50 mm X 50 mm x 50 mm) using
three cameras strategically placed at the top, side
(via a circular hole in the outer wall), and bottom,
as illustrated in figure 1. The resolution was set at
1280 x1024 pixels with a frame rate of 4000-1 and
a shutter rate of 8000—1. To illuminate the enclosure,
three 100 W LED lights (MonoBright LED Bi-color
750, Genaray, Brooklyn, NY, USA) were employed.
The fly was affixed to the damper on its dorsal
thorax using UV cure glue (4305, Loctite Corp.),
enabling attachment to the rotating shaft for forward
flight. Various fly speeds were recorded, with a for-
ward speed of 1.24 m s~ ! selected for this study.
Morphological parameters for the fly are detailed in
table 1.

2.2. Reconstruction of blue bottle fly flight

The reconstruction of both the body and wings,
incorporating surface deformation, employed
Autodesk MAYA (Autodesk, San Raphael, CA, USA).
Specifically, one wing beat cycle was meticulously
selected for the extraction of wing kinematics, and
the subsequent reconstruction focused solely on the
left wing, with an identical process applied to the right
wing. Noteworthy is the absence of any distinct body
deformation or rotation throughout the reconstruc-
tion process. This particular cycle was chosen because
the insect’s top, bottom, and side views were aligned
orthogonally with the camera, ensuring optimal vis-
ibility for reconstruction. Additionally, the first two
and last two wing beat cycles were excluded to avoid
potential inconsistencies caused by takeoff or landing
dynamics. The selected wing beat cycle corresponded
to a phase of stable flight, with clearly visible wing
deformation, providing an ideal dataset for accurate
kinematic analysis. The subsequent reconstruction
focused solely on the left wing, with an identical
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Figure 1. Experimental setup of MAGLAV Flight Mill with shaft with damper, three permanent magnets acting as pivot joint, and
three cameras for high-speed video recording. The flies were recorded in circular enclosure of (50 mm X 50 mm X 50 mm) using
three cameras by placing them at top, side (by cutting a circular hole on the outer wall), and bottom view [31]. Reproduced with
permission from [31]. © 2025 The Company of Biologists. All rights reserved.

Table 1. Morphological parameters of the blue bottle flies (Calliphora Vomitoria).

Parameters

Values

Total mass, m (mg)
Wingspan length, R (mm)
Body length, bl (mm)
Chord length, ¢ (mm)
Wing area, Sy (mm?)
Aspect ratio, AR = R%/Sy

Flapping frequency, f (Hz)
Forward flying speed, Uss (m

48.5
8.0
10.4
225
18.1
3.50
148

s7h 1.24

process applied to the right wing. Noteworthy is the
absence of any distinct body deformation or rotation
throughout the reconstruction process.

As depicted in figure 2(a) the real representa-
tion of the blue bottle fly is showcased, accompan-
ied by expanded images detailing the particulars of
its wing and antenna [32]. Figure 2(b), on the other
hand, presents the meticulously reconstructed iter-
ation of the blue bottle fly, encompassing both its
body and wings. The complicated surface deform-
ation of the wing was achieved through the utiliz-
ation of the twist and bend handle along its sur-
face. Critical to the reconstruction was the strategic
utilization of the twist handle to govern chordwise
deformation. Specifically, the leading edge within the
twist handle was rendered fixed, while the manipu-
lation of chordwise deformation along the root and
spanwise deformation was steadily regulated through
the establishment of distinct angles for the root and
tip handle within the twist handle. This meticu-
lous approach was adopted in consideration of the
inherent structural characteristics of the blue bottle
fly, where chordwise deformation predominates over
spanwise deformation.

The reconstruction of wing deformation exten-
ded across a single beat cycle, summarizing 28
instants. Controls embedded within the twist handle
were configured based on the underlying structure
and deformations of the wing veins. Subsequently,
the 3D reconstruction of the body and left wing was
aligned with the natural deformation observed across
28 instances in high-speed recordings.

Accurate alignment procedures were applied to
both bottom and side views in the high-speed record-
ing, with wing deformation sequentially applied first
to the side view and then to the bottom view through
adept manipulation of the twist handle. The schem-
atic representation of this process is revealed in
figure 3(a), portraying both side and bottom views
with the reconstructed body and wings. Further
insight into the reconstruction of the wing sur-
face and deformation from bottom and side view
is provided in figures 3(b), and (c) visually conveys
the precise alignment of the wings with the record-
ing. Following the completion of the reconstruc-
tion process spanning 28 frames, Fourier interpola-
tion was systematically employed to interpolate the
unstructured surface mesh. This procedure yielded
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Figure 2. (a) The real blue bottle flies, with expanded antenna and wing. The blue bottle fly image is credited to the ecologic
entomology under the common license [32]. (b) The computational model of the blue bottle fly with the reconstructed wing,
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body, and antenna. Reproduced with permission from [32].iStock.com/Antagain © 2025 iStockphoto LP.

(a)

Bottom view camera

Background images

Figure 3. (a) The scaled virtual scene based on the actual filming scene with reconstructed model overlapping with the
background images from side view and bottom view (b) projection of the reconstructed wings on the high-speed recording for
bottom view (c) projection of the reconstructed wings on the high-speed recording for side view.

high temporal frequency data, equivalent to 960 time-
steps per beating cycle, subsequently serving as input
for our CFD solver. The reconstruction approach
employed in this study has been successfully applied
in our previous research on insect flight [6, 12, 33].
The temporal progression of wing kinematics in
blue bottle flies (Calliphora vomitoria), along with the
definition of Euler angles, is illustrated in figure 4.
These Euler angles encompass the stroke angle (¢),
pitch angle (¢), and deviation angle (0). Notably, the
body pitch angle remains at zero during the fly’s for-
ward flight at a speed of 1.24 m s™!, resulting in a
seamlessly smooth forward flight. For the specified
case, the wingbeat frequency and wing stroke amp-
litude are reported as 148 Hz and 130°, respectively.

The trajectory of the wingtip follows a figure-of-
eight pattern, with the deviation angle encompassing
a range of 34°. Notably, the deviation angle varies
from —20° to 14° for both wings. The pitch angle ()
is measured precisely at the midpoint of the wing-
span. Over this interval, the pitching angle ranges
from 40° to —69°, exhibiting an amplitude of 109°.
It is important to note that the values presented align
with previously reported findings for the blue bottle
fly [30, 31].

Figure 4(c) present a more detailed visualization
of the wing’s deformation, specifically showing the
wing pitching at 25%, 50%, and 75% of the wingspan.
This representation clearly demonstrates the twisting
of the wing along its span, with the values indicat-
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Figure 4. (a) The definition of Euler angles stroke ¢, pitch 1 and deviation € with lift and thrust in body fitted coordinate
system. (b) The time course (¢/T, where T is the time-period for one flapping cycle) of Euler angles (c) wing pitch at 25%, 50%,
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Figure 5. Wingtip trajectory with the wing chord (blue line
for downstroke and red line for upstroke), dot on chord
line show the leading edge.

ing a measurable twisting effect, particularly around
the mid-span of the wing. This twisting effect is an
essential characteristic of wing flexibility and plays a
crucial role in the insect’s aerodynamic performance.
To complement the understanding of wing dynamics,
figure 5 portrays the wing chord position. This visual-
ization provides additional insights into the sophist-

icated interplay of wing movements during the flight
of the blue bottle fly.

2.3. Governing equations and numerical method
This study utilizes an in-house CFD solver based
on the IBM to numerically solve the 3D unsteady,
viscous, incompressible Navier—Stokes equations, as
described by:

8141'_0
Bxi o
ou;  O(wu))  10p 9 (Ou
ar T ox _paxi”axj(axj) )

where u; (i = 1, 2, 3) are the velocity components in
the x-, y- and z-directions, respectively; p is the pres-
sure; p and v are the fluid density and kinematic vis-
cosity, respectively.

The numerical solution of the equations is
achieved through a cell-centered collocated grid
arrangement for the primitive variables (#; and p).
Temporal integration is performed using the frac-
tional step method, ensuring stability and accuracy,
while spatial discretization employs a second-order
central difference scheme for precision. To address
the challenge of simulating flow around the complex,
moving boundaries of beating wings, an immersed-
boundary-method-based approach is utilized. In this
method, boundary conditions are enforced directly
on the immersed boundaries using a ghost-cell pro-
cedure. This approach offers a significant advant-
age over traditional boundary-conforming meth-
ods by eliminating the need for complex re-meshing
algorithms. Consequently, it greatly reduces the com-
putational cost associated with simulating flows
around intricate and dynamically moving bound-
aries, making it an efficient and robust choice for
such simulations. Our immersed-boundary-method
can be categorized as a discrete forcing approach
wherein forcing is directly incorporated into the dis-
cretized Navier—Stokes equations. The movement of
the immersed boundaries (wings and body) is pre-
scribed according to the image-based reconstruction
asdescribed in section 2.1. This immersed-boundary-
method has successfully been used to simulate
insect flights [34, 35] and bio-inspired propulsions
[36, 37]. Validations of the current in-house
CFD solver can be found in our previous studies
(33, 38-40].

The governing equation of odorant advection—
diffusion in the air phase can be written as:

ocC’ oc’ 9*C’

o " Y% ~Poxox )
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Figure 6. (a) Computational domain and mesh with the boundary condition with expanded image of fly (b) comparison of the
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where i (= 1, 2 and 3) indicates the components in
the x-, y- and z-directions; C’ = C/C, is the normal-
ized odor intensity and C; is the odor intensity of the
odor source; Uj is the face-centered velocity obtained
by interpolation of the cell-centered velocity u;; D is
the odor diffusivity.

At each time step, the odor advection—diffusion
equation is solved using the velocity field derived
from the Navier—Stokes equations to compute the
odor concentration landscape. The equation is dis-
cretized using an implicit method, ensuring second-
order accuracy in space. Detailed validations of this
numerical approach for simulating odor transport
have been thoroughly documented in our previous
studies [6, 25].

2.4. Simulation setup

The cubical mesh domain (30 R), depicted in
figure 6(a), was chosen for this study. The wings
and body were positioned at the center of the
domain. The front boundary is given a constant
inflow Us, and the rest of the boundary conditions
are zero gradient boundary conditions. The mesh
was divided into three segments: coarse, intermedi-
ate, and refined layers. The fly was situated at the
domain center, within the refined layer of the mesh.
Beyond this refined layer, a stretched layer was applied

to the mesh. The grid size for the current simu-
lation is specified as 7.5 million (24 x177x177).
A grid-independent study was conducted, and the
time course of lift and drag forces is presented in
figure 6(b). The size of the coarse grid was 6.5 mil-
lion (209 x177 x 177), while the finer grid had a size
of 8.5 million (273 x161 x193). The results indicate
that there is a discrepancy of less than 2% in forces
between the finer and baseline grids.

The flow field is characterized by Reynolds num-
ber (Re). In the current study, the Reynolds number
is defined by Re = U, R /v, where Uy, is the forward
flight velocity, R is the wingspan length, and v is the
kinematic viscosity (around 1.56 x 107> m? s~ !for air
at room temperature of 25 °C). Based on the experi-
mental measurement (table 1), the Reynolds number
is 636.

The odorant transport phenomenon is character-
ized by both Re and Schmidt number (Sc), which
are combined as the Péclet number (Pe = Re x Sc).
Here, the Péclet number is 954 which indicates a
ratio between the rate of advection and the rate of
diffusion. With the Péclet number in the order of
10%, the advective odor transportation is faster than
the diffusive odor transportation. Schmidt number
is a ratio between kinematic viscosity and odor dif-
fusivity (Sc =v/D). The typical natural odor has

7
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relatively low diffusivity (D) in the air at nor-
mal temperature and pressure is in an order of
107> m?s~!. In this study, the odor diffusivity D is set
to 1.04 x10~>m?s~! which leads the Schmidt num-
ber Sc to 1.5.

During the simulations, a cubic odor source posi-
tioned 2R in front of the fly model, releases odor-
ants at constant intensity C starting at (¢/T = 0).The
odor intensity of the odor source is fixed at a constant
value Cy. The odor intensity in this study will be nor-
malized by Cy, denoted as C/Cy. So, for example, the
normalized odor intensity C/Cy at the odor source
has constant value 1. At all boundaries of the flow
domain, the boundary conditions for the advection-
diffusion equation are zero gradient. The body sur-
face and wings of the fly are set as non-slip and no-
penetration boundary conditions.

2.5. Evaluation of aerodynamic performance and
olfaction sensitivity

The instantaneous aerodynamic forces acting on the
blue bottle fly’s wings are obtained through the sur-
face integration of pressure and shear stress over the
wings and body. The lift force Fy, and drag force Fp, are
then calculated by projecting these integrated forces
onto the vertical and horizontal directions, respect-
ively. This allows for a detailed analysis of the fly’s
flight mechanics, where lift is essential for maintain-
ing altitude and drag must be minimized for efficient
forward motion. Aerodynamic power P, is the power
required to overcome air resistance during flight. It is
defined as the scalar product of the velocity vector and
the aerodynamic force acting on the wing:

P, = —//(AP—!—AT)n - u.ds. (3)

Where AP represents the pressure difference across
the wing surface, A7 denotes the shear stress differ-
ence, n is the unit normal vector of the element on
the wing, u, is the cell-centered velocity vector of the
triangular element on the wing, and ds is the area of
the triangular element.

To determine the instantaneous odor concentra-
tion, the normalized odor intensity C/C, is calcu-
lated by solving the advection—diffusion equation.
Considering that the blue bottle fly’s primary olfact-
ory organs are its antennae, two virtual probes are
positioned along each antenna to gather time-series
data of odor intensity as it passes these points. One is
placed at the tip of the antenna and the other is placed
at the root. The relative odor surge (§) is defined in
following equation which is used to quantify the odor
fluctuation,

(4)
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For our calculations, we assume complete odor
absorption when odorant-laden air encounters the
antenna. This simplification is reasonable for mod-
eling the diffusion and binding processes of chem-
ical species through the boundary layer to olfactory
receptors. By combining these assessments of aero-
dynamic performance and olfaction sensitivity, we
can thoroughly evaluate the blue bottle fly’s flight
efficiency and its capability to detect environmental
odors, both of which are vital for its survival and
behavior.

3. Results and discussion

In this section, we present the findings of our com-
prehensive study on the unsteady aerodynamics and
olfactory function of the blue bottle fly (Calliphora
vomitoria). The results are organized into three sub-
sections for clarity and detailed discussion. First,
we evaluate the unsteady aerodynamics and olfact-
ory performance of the blue bottle fly, highlighting
key metrics and observations. Next, we examine the
effects of wing-induced flow on olfaction, exploring
how the aerodynamic environment created by wing
movements influences the fly’s ability to detect odors.
Finally, we investigate the impact of wing flexibility
on both aerodynamic and olfactory sensitivity, ana-
lyzing how structural variations in the wings affect
these critical functions.

3.1. Evaluation of aerodynamic and olfactory
functions of blue bottle fly

In this section, we delve into a comprehensive analysis
of the aerodynamic and olfactory performance of the
reconstructed blue bottle fly. Our exploration begins
with an in-depth discussion of the fly’s drag and lift
characteristics, which are pivotal in understanding its
overall aerodynamic efficiency. By examining these
forces, we aim to show how the blue bottle fly main-
tains its flight stability and maneuverability in various
environmental conditions.

Subsequently, we will explore the complex flow
physics that governs the interaction between the fly’s
wings and the surrounding air. This section will high-
light the vortex structures, airflow patterns, and pres-
sure distributions that are crucial for generating the
necessary aerodynamic forces. Understanding these
flow phenomena is essential for comprehending how
the blue bottle fly achieves both efficient and agile
flight.

Finally, we will examine the olfactory perform-
ance of the blue bottle fly, which plays a vital role in its
ability to locate food sources and navigate its environ-
ment. By investigating the sensory mechanisms and
olfactory structures, we aim to shed light on how the
fly’s olfactory system integrates with its flight dynam-
ics to enhance its foraging efficiency and survival.
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Figure 7. (a) The time history of lift Fi and drag Fp produced by a single wing and the blue bottle fly. (b) The time history of

aerodynamic power P,.

Table 2. The distribution of lift and drag forces for the blue bottle fly.

Downstroke average ~ Upstroke average  Total average  Peak value
Lift (mN) 0.2100 0.0216 0.2316 1.2500
Drag (mN) 0.01833 —0.1697 —0.1514 —0.6500

3.1.1. Lift, drag and aerodynamic power
The aerodynamic performance of the reconstructed
blue bottle fly is shown in figure 7. Figure 7(a) illus-
trates the lift and drag forces acting on the fly, while
figure 7(b) presents the aerodynamic power required
by the fly. The lift force is predominantly gener-
ated during the downstroke of the flapping cycle,
as shown by the grey area in figure 7(a). The aver-
age lift value during the downstroke is 0.21 mN,
while for the upstroke, it is 0.0216 mN as shown
in table 2. The overall average lift for the complete
cycle is 0.2316 mN. Conversely, the drag force is
mainly produced during the upstroke. The average
drag force during the downstroke is 0.01833 mN,
and for the upstroke, it is —0.1697 mN. The aver-
age drag force for the entire cycle for one wing is
—0.1514 mN. The peak lift value is 1.25 mN, occur-
ring around the mid-downstroke, while the peak
drag force is —0.65 mN, occurring around the mid-
upstroke. The total weight of the fly is 0.47 mN
(48 mg). The cumulative lift generated by both wings
is 0.4632 mN, accounting for approximately 98.5% of
the fly’s weight. Notably, a significant portion of the
thrust force is produced during the upstroke, attrib-
utable to the more horizontal motion of the wing, as
demonstrated in figure 5.

The aerodynamic power utilization for flap-
ping wings reaches its peak during both the down-
stroke and upstroke, with a significant decrease in

power during the transition between strokes. Notably,
during pronation and supination, the power value
approaches zero when translational speed is zero. In
our CFD simulation, the estimated power for a flex-
ible wing is 1.51 mW. Figure 8 illustrates the average
lift and power for the entire flapping cycle across the
wing surface. The left wing exhibits the average lift
value, while the right wing illustrates the average aero-
dynamic power. Analysis of figure 8 reveals that a sub-
stantial portion of the lift force is generated around
the leading edge of the wing, consistent with find-
ings from a prior study [25]. Conversely, most of the
power consumption occurs around the wingtip of the
wing.

3.1.2. Vortex structure
The vortices produced by the flapping motion play
a crucial role in enhancing the aerodynamic per-
formance of insect flights. Key flow characteristics,
including the leading-edge Vortex (LEV), tip vortex
(TV), trailing-edge vortex (TEV), and vortex loop, are
observed in the current simulated flight. The vortex
structure around the wings of the blue bottle fly, using
the Iso-surface Q-criterion, is shown in figure 9. Four
distinct time instants are selected to explain the vortex
structure, as discussed below.

At the initiation of the flapping cycle
(t/T= 7.125), the stroke plane angle undergoes an
increase, indicating acceleration and triggering LEV
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Figure 8. The distribution of cycle-averaged lift (left) and aerodynamic power consumption (right) on the wing surfaces.

production. This phenomenon is well-supported by
existing literature, where the relationship between
stroke plane angle and LEV generation has been
extensively explored. According to prior studies [29],
the acceleration during this phase promotes the devel-
opment of the LEV, which is characterized by a relat-
ively small but progressively growing vortex. The sta-
bility and attachment of the LEV to the leading edge
of the wing have been identified as crucial factors
contributing to enhanced lift forces during the early
stages of the flapping cycle. This enhancement arises
from the vorticity near the wing’s leading edge, indu-
cing beneficial changes in airflow dynamics. By the
attachment of airflow to the wing’s upper surface, the
LEV effectively delays stall, ensuring prolonged lift
generation. Moreover, the associated high-pressure
region on the upper surface, created by the vorticity,
contributes to an upward force, augmenting overall
lift production. The pressure differential and efficient
downwash effect generated by the LEV further optim-
izes aerodynamic efficiency, collectively resulting in
increased lift forces and improved flight perform-
ance. This intricate interplay of vortical structures
showcases the vital role of the LEV in shaping the
aerodynamic forces essential for successful flight. The
first row of figure 9 provides a visual representation
through top, side, and perspective views, clearly illus-
trating the presence of the LEV along with visible
vortices from the preceding cycle.

Post mid-downstroke (t/T= 7.375), the LEV
becomes fully developed and stronger, continuing in
its attachment compared to the cycle’s initiation. As
the wing decelerates following the mid-downstroke,
it instigates the formation of a vortex loop, as shown
in the second row of figure 9. The influence of
these vortex loops and vortices on aerodynamic per-
formance has undergone thorough examination in
the literature [29]. The vortex loop created post
mid-downstroke serves as an additional aerodynamic
mechanism. Its presence influences the wing’s inter-
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action with the surrounding airflow, contributing
to the generation of lift and aiding in maintain-
ing stability during the complex flapping motion.
The unsteady flow features, exemplified by the vor-
tex loop, exemplify the adaptability of the blue bottle
fly’s flight strategy, showcasing how unsteady aerody-
namics contribute to the overall efficiency of its aerial
maneuvers.

Following supination (t/T= 7.625), wing decel-
eration induces the generation of TV, as shown in
the third row of figure 9. The TV is a critical fea-
ture that influences the aerodynamic performance of
the blue bottle fly. TV, formed at the wingtip dur-
ing deceleration, introduces a rotational flow pat-
tern that enhances the lift-to-drag ratio. This vor-
tex structure contributes to the overall efficiency of
the upstroke by optimizing the aerodynamic forces
acting on the wing. The vortex shedding develops
due to the upstroke motion of the wing, and con-
currently, the formation of TEV occurs. The wing
engages with the wake created during the down-
stroke, known as wing-wake interaction. The TEV
further refines the wing-wake interaction, impacting
the generation of thrust forces during the upstroke.
The intricate interplay of these vortex structures dur-
ing supination highlights the dynamic and adapt-
ive nature of the blue bottle fly’s flight strategy,
optimizing aerodynamic performance throughout
the entire flapping cycle. Throughout this phase of
the upstroke, the wing’s horizontal movement ini-
tiates thrust production, propelling the fly forward.
The thrust force exhibits an increasing trend until the
mid-upstroke, gradually diminishing as the upstroke
concludes.

As the wing flaps upward (t/T=7.875), a stronger
TEV is generated, and the wing engages with the vor-
tex loop, as shown in figure 9. The TEV towards
the end of the upstroke, its strengthened forma-
tion is integral to optimizing the wing’s interac-
tion with the surrounding airflow. The TEV further
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Figure 9. Vortex structure (Q-criterion) colored by the spanwise vorticity at t/T = 7.125, 7.375, 7.625, and 7.875.

refines the wing-wake interaction, promoting effi-
cient thrust production during this phase. This crit-
ical phase toward the end of the upstroke involves
the end of various vortex structures, including LEV
from the initiation, TV during deceleration, and the
intensified TEV. This synergy among the LEV, TV,

and TEV highlights the complexity and adaptability
of the blue bottle fly’s flight strategy. By strategic-
ally utilizing various vortex structures throughout the
flapping cycle, the fly maximizes thrust generation,
showcasing the sophisticated aerodynamic mechan-
isms employed for efficient and agile flight.

11
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Figure 10. (a) The probe locations for measuring the odor intensity. (b) Time history of the odor intensity at the selected
locations. (c) Position of the odor source in numerical simulation. (d) The odor intensity for the 8th flapping cycle.

3.1.3. Olfactory performance

To quantify the odor intensity along the bluebottle
fly’s antenna, we addressed the challenge by solv-
ing the advection—diffusion equation at each time
step. Two specific locations along the antenna were
chosen for intensity measurements. The time history
of the normalized odor intensity (C/Cy) for these two
probes, positioned at the tip and close to the head
of the fly, is presented in figure 10(a). The reason-
ing behind selecting these locations was to capture
the dynamic nature of odor concentration over the
antenna.

Figure 10(b) illustrates the outcomes for an 8-
flapping cycle, allowing for the examination of odor
flow development over the antenna. It is noteworthy
that, initially, the odor concentration is unstable,
stabilizing after two cycles. Subsequently, the odor
exhibits fluctuations synchronized with the flapping
motion. As the flapping velocity increases, the odor
intensity rises, peaking at the end of the upstroke
before declining. Comparing the two probe positions,
the data indicates that the probe at the antenna’s tip
exhibits more pronounced fluctuations compared to
the probe near the fly’s head. This discrepancy high-
lights the spatial variability in odor intensity along the
antenna.

To visually represent the odor distribution in the
fluid domain surrounding the bluebottle fly’s wing
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and body, we generated contour plots for the odor
intensity (C/Cp). Figure 10(c) depicts a numerical
simulation where a uniform odor source was stra-
tegically positioned in front of the bluebottle fly. This
simulation aids in comprehending the spatial disper-
sion of odor around the fly during its wing-flapping
motion. The resulting contours provide a compre-
hensive illustration of how the odor intensity var-
ies across the fluid domain, contributing valuable
insights into the interaction between the bluebottle fly
and its olfactory environment.

In our study, we observed that the flapping
motion of the blue bottle fly generates oscillations
on both probes 1 and 2. Figure 10(d) displays the
odor distribution with fluctuation for the 8th flap-
ping cycle in the baseline case. The aim is to analyze
and understand how these oscillations contribute to
the fly’s behavior and how the wing flapping motion
influences odor dispersion. These oscillations exhibit
an average concentration value of 0.82, with a relat-
ive odor surge (0), of 0.06 for the downstroke and
0.04 for the upstroke for probe 1. The average val-
ues and the time history of changes in oscillations for
both the downstroke and upstroke are illustrated in
table 3.

For probe 1, the average value during the down-
stroke is 0.854, while for the upstroke, it is 0.794. The
time history reveals that during the downstroke, the
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Table 3. Cycle-averaged odor intensity (Avg.) and relative odor surge (&) for probe 1 and probe 2.

Probe 1 Probe 2
Avg. § Avg. §
Downstroke 0.854 0.073 0.890 0.023
Upstroke 0.794 0.048 0.870 0.028
Cycle 0.820 0.122 0.884 0.051

Figure 11. The contour of odor intensity C/Cyp at t/T = 7.125, 7.375, 7.625, and 7.875 for the top (left), side (center) and Pers

(right) view.

odor concentrations for the antenna probes increase,
whereas during the upstroke, it moves away from the
antenna. This phenomenon is crucial because insects
typically sense values greater than the average to avoid
sensory fatigue.

The odor flow field is shown in figure 11, where
three columns represent the top view, side view and
perspective view respectively. For the top view con-
tour, a bottom plane slice in the middle is placed
whereas for the side view a lateral slice is used.
In the perspective view, three different slices along
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the surfaces of each wing were used. With the
development of the air flow, odor passes over the
blue bottle fly. Because of the flapping motion of the
insect’s wing, the odor started fluctuating around the
antenna. The results reveal that as the air flow devel-
ops, the odor traverses over the bluebottle fly, influ-
enced by the distinctive flapping motion of its wings.
During the downstroke initiation (t/T= 7.125), the
wing guides the odor towards the antenna. The
mid-downstroke phase (t/T= 7.375) intensifies this
effect, pushing more odor towards the antenna. The
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Figure 12. The distribution of cycle averaged odor intensity C/Cy on the surface of wings and the body.

opposite trend for the upstroke can also be seen from
figure 11.

The upstroke phase (t/T=7.625), conversely, sees
the flow moving away from the antenna as the wing
retracts. The odor predominantly targets the head
of the bluebottle fly. The concentration disparities
observed between the probe close to the head and the
one at the tip of the antenna resonate with findings in
research by on odor coding in insects [25]. Their work
suggests that different regions of the antennae may
exhibit varied sensitivities to odor stimuli, influencing
the observed fluctuations. The average odor intens-
ity over the cycle is shown in figure 12. The right half
wing shows the bottom view whereas left view shows
the top view. From the figure the odor has maximum
intensity at the head of the blue bottle fly. This shows
the antenna is well positioned for the highly efficient
odor guided flight.

3.2. Effects of wing-induced flow on olfaction

To assess the influence of the wing’s flapping motion
on odor distribution, we conducted simulations for
a ‘body-only’ case and compared the odor concen-
tration outcomes with those from the full-wing case
for two deliberately positioned probes. Figure 13
presents the results, revealing important insights into
the dynamics of odor concentration in the presence
and absence of wing motion.

Remarkably, the ‘body-only’ case exhibits a con-
sistent maximum odor concentration at both probes,
registering a value of 1. Importantly, in this scen-
ario, there is an absence of odor flux fluctuations,
signifying a stable and unchanging odor field sur-
rounding the insect’s sensory appendages. This find-
ing is consistent with previous literature highlight-
ing the role of the body in generating and main-
taining localized odor concentration around sensory
organs [41-46]. In contrast, the simulation incorpor-
ating flapping wing motion introduces a dynamic and
fluctuating odor flow over the antenna, as depicted
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in figure 13. This dynamic aspect is crucial for the
insect’s odor-guided navigation during flight, align-
ing with the observations of Jones et al [44] and Distel
et al [43].

The constant odor flux observed in the ‘body-
only’ case, without the beneficial fluctuation induced
by wing motion, is known to lead to olfactory adapt-
ation. This process results in poor olfactory perform-
ance, as highlighted by research on insect olfaction.
To mitigate odor fatigue, insects experience reduced
sensitivity to familiar odors over time. To overcome
this, they employ various techniques to introduce
odor oscillations. Claverie et al [41, 42] demonstrated
that walking bees oscillate their antennae to effect-
ively detect odors in strong odor fields. In a separ-
ate study, Kellar and Weissburg observed that anim-
als exposed to short pulse plumes exhibited degraded
tracking performance [45]. Levakova et al found that
pheromone encounters are most effectively detected
when the concentration follows a naturally intermit-
tent time course [46]. These findings highlight the
significance of odor oscillations in improving olfact-
ory sensitivity and tracking performance in the pres-
ence of constant or repeated odor sources.

Our results underscore the critical role of wing-
induced odor fluctuations in maintaining the sensit-
ivity of the insect’s olfactory system, ultimately con-
tributing to more effective odor-guided navigation
during flight. This dynamic interplay between wing
motion and odor concentration, as evidenced in
our simulations, provides valuable insights into the
adaptive mechanisms employed by insects for effi-
cient olfactory navigation. To understand the effect
of wing presence on odor, figure 14 illustrates the
odor concentration contour for both cases. The
figure highlights the difference between upstream and
downstream scenarios in both cases. In the presence
of wings, the odor demonstrates oscillations, con-
trasting with the body-only case where the odor con-
centration remains constant. In the body-only case,
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Figure 13. Comparison of odor intensity C/Cy between the baseline case (with flapping wings) and the body-only case (W/O

flapping wing) at probe 1 (a) and probe 2 (b).

Figure 14. The lateral-center contour of odor intensity C/Cy for the baseline case (left) and the body-only case (right).

the odor concentration is higher over the body com-
pared to the baseline case. This observation suggests
that the primary advantage of the insect’s flapping
motion lies in generating fluctuations in odor con-
centrations around the antenna. Insects leverage this
phenomenon to navigate efficiently in highly complex
odor environments.

The comparison between the baseline (with flap-
ping wings) and body-only (without flapping wings)
cases highlight the critical role of wing-induced odor
fluctuations. In the body-only case, the odor concen-
tration remains constant and leads to olfactory adapt-
ation, resulting in poorer olfactory performance. In
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contrast, the baseline case with flapping wings intro-
duces beneficial fluctuations that prevent sensory
fatigue and enhance odor-guided navigation. This
finding aligns with previous research on insect olfac-
tion, emphasizing the importance of dynamic odor
flux for maintaining sensitivity and effective odor
tracking.

3.3. Effects of wing flexibility on aerodynamic and
olfactory performance

Time courses of lift and drag forces are depicted in
figure 15. Both rigid and flexible wings generate lift
during the downstroke and drag force during the
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Figure 15. (a) The time history of lift Fy (b) the time history and drag Fp (c) the time history of lift P, produced by a flexible and

rigid wing of the blue bottle fly.

Table 4. Comparison of aerodynamic performance between rigid wing and flexible wing.

Lift total (mN) Drag total (mN) Lift peak (mN) Drag peak (mN)
Rigid 0.2033 —0.1251 0.82 —0.67
Flexible 0.2316 —0.1510 1.25 —0.65

upstroke. Although both types of wings exhibit sim-
ilar trends in lift force, the flexible wing demonstrates
higher lift force compared to the rigid wing as shown
in table 4. The average lift force generated by the flex-
ible wing is 0.2316 mN, compared to 0.2033 mN for
the rigid wing, representing a 14% increase. The peak
lift force for the flexible wing is 1.25 mN, whereas
for the rigid wing, it is 0.82 mN. Several factors con-
tribute to the observed difference in lift forces. The
inherent flexibility of the flexible wing allows for a
more adaptive response to aerodynamic forces, res-
ulting in enhanced lift production. The flexibility of
the wing might enable it to better adjust to varying
airflows, leading to increased lift coefficients during
the downstroke.

On the other hand, the rigid wing, being less
adaptable, experience lesser lift performance due to its
limited ability to respond to dynamic changes in the
surrounding airflow. The overall trend of lift force for
both cases is nearly the same, but during the upstroke,
the lift force produced by the rigid wing surpasses that
of the flexible wing. Further investigation is required
to understand the specific aerodynamic mechanisms
influencing this observed shift in lift forces during the
upstroke.

The comparison o vortex structures between the
rigid and flexible wings at mid-downstroke, as illus-
trated in figure 16, reveals that the LEV in the flex-
ible wing is stronger than that of the rigid wing.
This strengthened LEV enhances the suction effect
on the wing surface, leading to a higher lift out-
put in the flexible wing case. The increased vorticity
suggests that wing flexibility plays a crucial role in
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stabilizing and strengthening the LEV, which in turn
improves aerodynamic performance. These findings
highlight the aerodynamic advantage of wing flexibil-
ity, demonstrating how insects may exploit structural
compliance to optimize force production and man-
euverability during flight.

The impact of wing flexibility on olfactory per-
formance represents a relatively underexplored area
of research. In this section, we delve into the effects
of wing deformation on the olfactory performance of
the blue bottle fly, as illustrated in Figure. The time
history of two probes, one for rigid wings and another
for flexible wings, is plotted to elucidate these effects.

A comparison of intensity between rigid and flex-
ible wings is detailed in table 5. For probe 1, the
flexible wing exhibits fluctuations with a higher con-
centration compared to the rigid wing. Although the
oscillation amplitude for both cases at probe 1 is
nearly identical, the concentration normalized by the
reference concentration (C/Cy) is lower for the rigid
wing than the flexible wing. This suggests that, while
the amplitude of oscillation is similar, the flexible
wing leads to a more pronounced impact on the odor
concentration.

Similarly, for probe 2, the trend is alike to that of
probe 1, but with a reduced fluctuating amplitude.
The odor concentration field for both rigid and flex-
ible wings is visually represented in figure 17. While
the overall odor field for both cases appears sim-
ilar, the intensity level for the rigid wing is notably
lower compared to the flexible wing. These findings
suggest that wing flexibility may play a crucial role
in enhancing the olfactory performance of insects,
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Table 5. Cycle-averaged odor intensity (Avg.) and relative odor surge ((9)) for the rigid and flexible wings.

Flexible Rigid
Avg. 0 Avg. 0
Probe 1 Downstroke 0.854 0.073 0.672 0.077
Upstroke 0.794 0.048 0.614 0.065
Cycle 0.820 0.122 0.644 0.142
Probe 2 Downstroke 0.890 0.023 0.710 0.028
Upstroke 0.870 0.028 0.658 0.024
Cycle 0.884 0.051 0.698 0.052

influencing both the concentration levels and oscilla-
tion patterns of odor cues. Further research is essen-
tial to comprehensively understand the intricate rela-
tionship between wing flexibility and olfactory cap-
abilities in insects.

Notably, the relative odor surge (§) for both wing
types remains nearly consistent, measuring 0.073
and 0.077 for downstroke and 0.048 and 0.065 for
upstroke for probe 1, while for probe 2, it is 0.023
and 0.028 for downstroke and 0.028 and 0.024 for
upstroke. However, a significant distinction arises in
the average odor concentration values, with the rigid
wing exhibiting lower values (0.644 for probe 1 and
0.698 for probe 2) compared to the flexible wing
(0.820 for probe 1 and 0.884 for probe 2). This res-
ult highlights the impact of wing flexibility on odor
dispersion dynamics. The flexible wing enhances the
mean intensity of odor signals (up to 25%), providing
a more effective olfactory performance for the insect.
The adaptability of flexible wings allows for better
modulation of odor plumes, facilitating improved

detection and interpretation of olfactory cues, ulti-
mately contributing to superior olfactory perform-
ance compared to rigid wings. Figure 18 shows the
lateral-center contour of odor intensity C/C, for the
baseline (left) and the rigid wing case (right).

In summary, flexible wings outperform rigid
wings in both aerodynamic and olfactory functions.
Flexible wings generate higher lift forces, with an
average of 0.2316 mN compared to 0.2033 mN for
rigid wings—a 14% increase. This enhanced lift pro-
duction is attributed to their ability to adapt to vary-
ing aerodynamic forces and respond dynamically to
changes in airflow. During the downstroke, flex-
ible wings achieve higher lift coefficients, while rigid
wings, constrained by their inflexibility, exhibit lower
lift performance.

In terms of olfactory function, flexible wings also
demonstrate superior performance. Time histories
of odor intensity near probes around flexible wings
reveal higher concentrations than those around rigid
wings. This indicates that flexible wings enhance the
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Figure 18. The lateral-center contour of odor intensity C/Cy for the baseline (left) and the rigid wing case (right).

modulation of odor plumes, improving the insect’s
ability to detect and interpret olfactory cues. The
dynamic interaction between wing motion and odor
concentration observed in simulations highlights the
critical role of wing flexibility in maintaining effective
olfactory navigation during flight.

4. Conclusions
Insects, especially flies, rely on wind-borne odor

plumes for critical behaviors such as locating food,
identifying mates, and evading predators. Our
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research illuminates the intricate interplay between
flapping wings, unsteady aerodynamics, and olfact-
ory capabilities in flying insects, with a particular
focus on the blue bottle fly. Through CFD simula-
tions, we demonstrated that flapping wing kinematics
generate odorant fluctuations, accounting for 12.2%
of the odor intensity magnitude. This enhances the
fly’s olfactory function and helps mitigate odorant
fatigue. Compared to a rigid wing, a flexible wing
not only increases aerodynamic force by 14% but
also amplifies the mean magnitude of odor intens-
ity reaching the fly’s antennae by 25%. Our findings
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enrich the understanding of insect flight and olfac-
tion, addressing a significant gap in knowledge about
how the deliberate manipulation of flow fields sup-
ports sensory functions. This study highlights the
potential for further investigation into the inten-
tional modulation of flow fields for sensory pur-
poses across diverse insect behaviors. Ultimately, our
research advances the understanding of the sophistic-
ated mechanisms employed by flying insects to navig-
ate their environments and underscores the broader
implications of flow-field modulation in odor-guided
navigation.
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