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ABSTRACT

Odor-guided navigation is an indispensable aspect of flying insects’ behavior, facilitating crucial activities such as foraging and mating. The
interaction between aerodynamics and olfaction plays a pivotal role in the odor-guided flight behaviors of insects, yet the interplay of these
two functions remains incompletely understood. In this study, we developed a fully coupled three-way numerical solver, which solves the
three-dimensional Navier–Stokes equations coupled with equations of motion for the passive flapping wings, and the odorant advection–
diffusion equation. This numerical solver is applied to investigate the unsteady flow field and the odorant transport phenomena of a fruit fly
model in odor-guided upwind surge flight over a broad spectrum of reduced frequencies (0.325–1.3) and Reynolds numbers (90–360). Our
results uncover a complex dependency between flight velocity and odor plume perception, modulated by the reduced frequency of flapping
flight. At low reduced frequencies, the flapping wings disrupt the odor plume, creating a saddle point of air flow near the insect’s thorax.
Conversely, at high reduced frequencies, the wing-induced flow generates a stagnation point, in addition to the saddle point, that alters the
aerodynamic environment around the insect’s antennae, thereby reducing odor sensitivity but increasing the sampling range. Moreover, an
increase in Reynolds number was found to significantly enhance odor sensitivity due to the synergistic effects of greater odor diffusivity and
stronger wing-induced flow. These insights hold considerable implications for the design of bio-inspired, odor-guided micro air vehicles in
applications like surveillance and detection.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0174377

I. INTRODUCTION

Odor-guided navigation serves as a fundamental behavioral
mechanism in flying insects, crucial to a range of activities from forag-
ing to mating.1–3 Amidst the wide array of environmental cues to
which insects must adapt, olfaction holds particular significance for
the accurate localization of odor sources.4 While the study of individ-
ual aspects like aerodynamics and olfaction in insects has seen consid-
erable advancement, the complex interplay between these two
elements during odor-guided flapping flight has yet to be comprehen-
sively investigated.

Recent advancements in our understanding of insect neuronal
mechanisms reveal remarkable capabilities in olfactory dynamics.
Olfactory receptor neurons in insects register odorant-evoked spike
responses as rapidly as 3ms following the arrival of an odorant.5

Notably, the temporal resolution achieved by their antennae can reach
frequencies as high as 100Hz.6 This exceptional spatiotemporal acuity
enables insects to detect dynamic fluctuations in odor plumes.
Furthermore, their ability to distinguish differences in odor concentra-
tion between their bilateral antennae7 adds a stereo-olfactory

dimension to their navigational toolkit. For instance, hawkmoths

adjust their flight paths in accordance with the cross-sectional dimen-

sions of an odor plume,8 while fruit flies modulate their odor-tracking
behavior based on accumulated historical information.9 In varied envi-

ronments, mosquitoes10 and moths11 have been observed to favor

upwind surging flights in intermittently fluctuating plumes over
homogeneous, continuous plumes. These findings collectively indicate

that insects leverage intricate odor plume information to fine-tune

their flight behaviors.
Investigating insect behavior during odor-tracking flight presents

significant challenges, one of the foremost being the difficulty in quan-
titatively visualizing odor plumes at insect-relevant length scales.
Existing experimental approaches have largely focused on behavioral
observations, which typically reveal that insects zigzag crosswind to
engage their olfactory receptors and surge upwind along the odor
plume until the source becomes visible.12 However, the underlying
transport mechanisms that explain the purpose of these behaviors
remain largely speculative. The previous numerical simulations have
also been limited in scope, often failing to provide a comprehensive
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view of aerodynamic and olfactory interactions during realistic odor-
tracking flight. Most of these simulations have relied on constant
boundary conditions,13,14 which do not account for the dynamic air-
flow induced by moving wings. To date, it is still unclear how the
insects utilize different behaviors to perceive odor plumes perturbed by
wing-induced flow.

To understand the behaviors of insects in odor-tracking flight,
the most important and complicated yet overlooked organs are the
flapping wings which serve two functions, the aerodynamic function
and the olfactory function. The aerodynamic function centers on gen-
erating the necessary forces and moments to both sustain the insect’s
body weight and facilitate its spatial locomotion. This aspect has gar-
nered substantial research attention,15–17 given its relatively straightfor-
ward experimental and numerical study procedures. Insect wing
kinematics are initially captured using high-speed cameras and subse-
quently modeled numerically. Solving the Navier–Stokes equations or
employing other quasi-steady models then allows researchers to
understand the aerodynamics at play. Such aerodynamic functions
naturally extend to odor-tracking, as spatial movement allows insects
to actively expand their olfactory perception range. However, insect
locomotion comes at a significant energetic cost, particularly given the
need to maintain constant wing flapping, even during hovering. This
implies that insects likely employ more nuanced strategies than merely
following a positive odor gradient when navigating odor-guided flight
paths. One compelling hypothesis suggests that insects may utilize
their wings to fan the air, thereby increasing the flux of odorants reach-
ing their antennae.18

Insect wings serve an olfactory function by influencing the odor
plume that reaches the antennae through wing-induced airflow. This
role was previously identified in silkworms responding to sex phero-
mones.19Odor concentration is spatially heterogeneous. In stagnant or
laminar flows, odor plumes disperse, with their concentration dimin-
ishing with increasing downwind distance.20–22 In contrast, turbulent
flows fragment the plumes into intermittent filaments, separated by
pockets of low or zero concentration. The airflow induced by wing
flapping serves to actively draw odor plumes over a broad range
toward the antennae, thereby enhancing both air flux and odor percep-
tion rates.

Recent advancements in numerical simulations have shed light
on the importance of wing-induced airflow in odor perception. Studies
by Li and his colleagues23–26 incorporated the flapping wing kinemat-
ics of a fruit fly model into their simulations, allowing for the visualiza-
tion of odor plume structures during forward flight. These simulations
demonstrated that wing flapping disrupts airflow patterns in a manner
that elevates the odor flux around the antennae, analogous to the sniff-
ing process in mammals. Importantly, the antennae are strategically
positioned to perceive the odor plume while minimizing the influence
of wing-induced disturbances. However, it’s worth noting that the
Lagrangian particle-tracing techniques employed in these studies did
not account for the diffusion involved in odorant transport.

Despite the critical role of wing-induced flow in olfaction, the
olfactory function of flapping wings has largely been overshadowed by
their primary role in aerodynamics to sustain flight. While insects have
some capacity to adjust their wing-flapping kinematics,27,28 any modi-
fication aimed at generating specific wing-induced flows could com-
promise the aerodynamic efficiency, and hence the overall efficacy, of
the wings during odor-tracking flight. However, one crucial variable

often overlooked in studies of these behaviors is flight velocity. Insects
typically zigzag crosswind at lower velocities when searching for an
odor plume and transition to higher-velocity, upwind surging once an
odor is detected.12 This nuanced variation in flight velocity has been
largely disregarded in previous research, partly because simultaneously
measuring odor plumes, controlling flight velocity, and capturing kine-
matic data presents a considerable experimental challenge due to the
insects’ small size and the complexity of the flow field.

In this study, we aim to offer a holistic understanding of aerody-
namic and olfactory interactions during odor-tracking behavior in
insects. To achieve this, we advanced our existing in-house immersed-
boundary-method-based computational fluid dynamics (CFD) solver
with new computational features. This upgraded three-way coupled
solver first resolves the Navier–Stokes equations in conjunction with
equations of motion for the passively pitching wings, thereby deter-
mining the flow field. Subsequently, the odor advection-diffusion
equation is solved at each time step to establish the odor concentration
field. We have chosen a fruit fly model for our investigation due to the
abundance of experimental data available on its odor-tracking flight
and its relatively simplistic wing shape, which minimizes the complica-
tions arising from complex wing deformations. To emulate realistic
wing kinematics, we prescribed the wing leading-edge motion and
stroke-plane angle, while the wing pitch angle was determined using a
torsional spring model that incorporates aerodynamic, elastic, inertial,
and gravitational forces. Our simulations were conducted in a virtual
wind tunnel where the fruit fly model was exposed to a constant air
velocity, with an upstream odor source emitting a constant concentra-
tion of an odorant. We executed parametric simulations to examine
the impact of both reduced frequency and Reynolds number, the
results of which are detailed in the ensuing sections.

II. METHODOLOGY

A. Governing equations and numerical method

The three-dimensional viscous incompressible Navier–Stokes
equations are solved using an in-house immersed-boundary-method
based CFD solver. The equations are written in tensor form,
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<

>
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(1)

where ui are the velocity component, P is the pressure, q is the fluid
density, � is the kinematic viscosity.

The above equations are discretized using a cell-centered, collo-
cated arrangement of the primitive variables, and are solved using a
finite difference-based immersed-boundary method29 in a non-body-
conforming Cartesian grid, as shown in Fig. 1. The uppercase letters
W, E, N, and S represent cell-centered variables, and the lowercase let-
ters w, e, n, and s represent face-centered variables, which are calcu-
lated by interpolating the corresponding cell-centered variables. A
second-order central difference scheme is employed in space to discre-
tize the advection and diffusion term. Boundary conditions on the
immersed boundaries are imposed through a ghost-cell procedure.
The equations are integrated with time using the fractional step
method. The immersed-boundary method eliminates the complex
remeshing algorithms for moving boundaries on body-conforming
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grids at each time step. Our CFD solver has been successfully applied
to study canonical revolving wings,30–33 flapping propulsion prob-
lems,34–38 and insect flight.24,25,39–42 Details of the CFD solver in solv-
ing Navier–Stokes equations were elaborated and validated in our
previous studies.35,39,43–45

B. Wing model with torsional spring

It has been demonstrated that the insect wing can passively
achieve the fundamental kinematic motion due to aerodynamic and
wing inertia forces.46,47 In the current study, the wing pitch angle is
calculated using a torsional spring model integrated with the
Navier–Stokes CFD solver using a two-way coupling method.48 As the
wing flaps back and forth in the stroke plane with a prescribed stroke
angle and the wing root acting like a torsional spring, the wing pitches
passively about the wing leading edge. This passive pitching model has
been validated with real fruit flies48 and is used to provide the flapping
wing kinematics under varies simulation setups.

The fruit fly model adopted here has been used in our previous
studies.25,26,49 The aspect ratio of the wing is 3.2, defined as (span)2/
(area). As shown in Fig. 2(a), the kinematics of the wing is defined by
three Euler angles, stroke (/), and pitch (h) angle. In Fig. 2(b), the
stroke plane angle b is 10�, and the incline angle v is 45�. This stroke
plane angle is specifically chosen by performing a series testing cases
so that the drag generated during downstroke approximately balances
with the thrust generated during upstroke for the baseline case.

The wing stroke angle is prescribed using Eq. (2), while the wing
deviation angle is fixed as zero during the entire flapping motion. The

time history of the prescribed stroke and deviation angle of the wing is
shown in Fig. 3,

/ðtÞ ¼ �A/ cosð2pftÞ; (2)

where /(t) is the instantaneous wing stroke angle at time t, A/¼ 140�

is the stroke amplitude, and f is the flapping frequency.
At each time step, the instantaneous inertia, aerodynamic, elastic,

and gravity momentum are calculated, and the passive pitch angular
acceleration of the wings about the wing leading edge is then obtained
using the equation of motion, which is written as

Ixx _xx þ Izz � Iyyð Þxyxz þ Ixy xxxz � _xy

� �

þ Iyz x2
z � x2

y

� �

� Ixz _xz þ xxxy

� �

¼ Maero þMelastic þMgravity; (3)

where Ixx, Iyy, Izz, Ixy, Ixx, and Ixz are momentum of inertia of the wing.
Maero, Melastic, and Mgravity are the momentum due to aerodynamic,
elastic, and gravitational forces, respectively. The aerodynamic forces

FIG. 1. Schematic of the grid. The uppercase letters denote cell-centered variables,
the lowercase letters denote the face-centered variables.

FIG. 2. Schematic of the flapping wing with a torsional spring (a) and wing chord diagram during upstroke and downstroke (b), where h is the pitch angle, / is the stroke angle,
b¼ 10� is the stroke plane angle, and v¼ 45� is the body incline angle.

FIG. 3. The time history of prescribed stroke angle and deviation angle. In current
study, the stroke amplitude A/¼ 140�, and the deviation amplitude Aw¼ 0�. The
gray shaded region denotes downstroke.
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are obtained by integrating the pressure and shear on the surface of
the insect.

The nondimensional torsional stiffness of the wing root is indi-
cated by the Cauchy number (Ch)50 defined as the ratio of the fluid
dynamic pressure force to the structure elastic force, which can be
expressed as follows:

Ch ¼
qairA/

2f 2�c3b2

G
; (4)

where �c is the mean wing chord length and b is the wing spanwise
length. The Cauchy number selected in this paper is 0.27 based on our
previous study.48,51 Both the lift generation and power consumption
are optimized at this Cauchy number.

The implicit method used to couple the fluid flow field with
the motion of solid wings is briefly introduced here. At each time
step, the pressure and viscous forces can be obtained by solving
the Navier–Strokes equations. Euler angular accelerations of the
wings are updated from the wing torsional spring model, which
includes the aerodynamic forces, elastic forces, gravitational
forces, and inertia forces. Velocities on the wings are then updated
and applied back to the Navier–Stokes solver as boundary condi-
tions to obtain an updated flow field. This two-way coupling pro-
cess for solving both the fluid dynamic and wing kinematics is
iterated until the angular accelerations of the wings reach conver-
gence criteria.

C. Odor advection–diffusion equation

At each time step, based on the velocity field, the odor advection–
diffusion equation [Eq. (5)] is then solved to obtain the odor concen-
tration landscape. The odor advection–diffusion equation is discretized
using an implicit method [Eq. (6)] with the second order accuracy in
space,

@C

@t
þ ui

@C

@xi
¼ D

@2C

@x2i
; (5)

Cnþ1 � Cn

Dt
þ
dCnUn

i

dxi
¼ D

d

dxi

dCnþ1

dxi

� �

; (6)

where C is the odor intensity, D is the odor diffusivity, Ui is the face-
centered velocity obtained from interpolation of the cell-centered
velocity ui.

The odor advection–diffusion equation is discretized on the same
non-body-conforming Cartesian grid as the Navier–Stokes equations
solver, as shown in Fig. 1. The differential equation for odor transpor-
tation can be written as

Cnþ1
P �DDt aWCnþ1

W þ aEC
nþ1
E þ aNC

nþ1
N

�

þaSC
nþ1
S þ aBC

nþ1
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nþ1
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s U
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s
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f U

n
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bU
n
b

Dz

 !

;

(7)

where the coefficients aW, aE, aN, aS, aB, aF, aP are calculated by discre-
tizing the diffusion term,

d

dxi

dC

dxi

� �

¼

CE � CP

Dx
�
CP � CW

Dx
Dx

þ

CN � CP

Dy
�
CP � CS

Dy

Dy

þ

CF � CP

Dz
�
CP � CB

Dz
Dz

;

¼ aECE þ aWCW þ aNCN þ aSCS þ aFCF

þ aBCB þ aPCP: (8)

This approach has been applied to investigate the odor plume
structure perturbed by canonical pitching-plunging motion52 and flap-
ping wings of insects.53

D. Simulation setup

To investigate both aerodynamic and olfactory functions of flying
insects during odor-tracking flight, we placed a fruit fly model into a
numerical wind tunnel to mimic the upwind surging motion under
different incoming flow speeds. Drawing from existing literature,54 the
fruit fly wing model has a wingspan length (b) of 3.08mm and wing
flapping frequency of 198Hz. The flapping motion results a mean
wingtip velocity of �U tip¼ 3.2m/s in flapping flight. We are mimicking
the wind tunnel experiments of a tethered fruit fly with incoming flow
velocity (U1) change from 0.47 to 1.88m/s. This results in a range of
reduced frequency (k ¼ fb=U1) from 0.325 to 1.3.

The odorant transport phenomenon is characterized by two non-
dimensional parameters, Reynolds number (Re) and Schmidt number
(Sc). The Reynolds number is defined as Re ¼ U1b=�, where the fluid
kinematic viscosity is around �¼ 1:608� 10�5 m2/s at 300K. The
varying incoming flow velocity (U1) leads to a varying Reynolds num-
ber (Re) ranges from 90 to 360. The Schmidt number (Sc ¼ �=D) is a
dimensionless quantity to describe the relative effectiveness of momen-
tum diffusion vs mass diffusion in a fluid. It is defined as the ratio of
the kinematic viscosity (�) of the fluid to the mass diffusivity (D) of
the particular odorant being studied. Ethanol, commonly used in
investigations of fruit fly odor-tracking behavior,12 has a mass diffusiv-
ity of approximately 1:072� 10�5 m2/s at 300K. This yields a
Schmidt number of 1.5, a value employed in the current simulation
setup.

The simulations were performed in a non-uniform Cartesian
mesh. As shown in Fig. 4, a fruit fly model during forward flight is rep-
resented by high-density triangular surface mesh. An odor source in
front of the fruit fly releasing odor at constant odor concentration is
located 1.5 body length away from the antennae, with a square cross
section of 0.36� 0.36 body length. On each of the antenna, five virtual
odor sampling probes are marked and used to analyze the olfactory
perception of the antenna. The computational domain size of the sim-
ulation is 30b� 30b� 30b in terms of mean wingspan length (b). The
grid resolution is 320� 128� 240. The domain mesh consists of three
regions. In the center of the domain, a cuboidal region provides the
highest resolution of uniformly distributed Cartesian grids around the
insect. Around this dense region, there is a layer of secondary dense
region where the grid size expands exponentially. Beyond the second-
ary dense region, there is a coarse stretched layer where grid size
expands rapidly. Boundary conditions on all walls of the computa-
tional domain are set as Neumann boundary condition except
Dirichlet boundary condition is set on the inlet wall with constant
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incoming velocity and odor intensity. All our simulations were per-
formed for seven flapping cycles to ensure both flow field and odor
concentration field reach a periodic state.

The selection of current simulation domain and grid sizes was
based on the results of our grids independence study, as shown in
Fig. 5. We calculated the time course of lift coefficient CL using three
grid setups, coarse grid, current grid, and fine grid. The time-averaged
lift coefficients CL for the three grid setups are 1.002, 0.989, and 0.983,
respectively. By increasing the grid size from 9.83 � 106 (current grid)
to 14.42 � 106 (fine grid), there is less than 1% difference for the lift
force generated by the flapping wings.

E. Evaluations of aerodynamic and olfactory

performance

In Sec. III, the aerodynamic performance will be discussed in
terms of force coefficients (lift coefficient CL and drag coefficient CD),

pressure coefficient CP, and power coefficients (mass specific aerody-
namic power P�

aero, mass specific inertial power P�
iner , and mass specific

mechanical power P�
mech). Olfaction perception will be presented in

terms of normalized odor concentration C�.
The normalized odor concentration C� is defined as

C� ¼
C

C0
; (9)

where C0 is the odor concentration at the odor source.
The lift coefficient CL and drag coefficient CD are defined as

CL ¼
FL

1

2
q�U

2
tipS

; (10)

CD ¼
FD

1

2
q�U

2
tipS

; (11)

where FL is the lift force, FD is the drag force, and S is the wing area.
The aerodynamic power Paero is the power the wing needs to

overcome aerodynamic forces, defined as the dot product of aerody-
namic forces and velocity,

Paero ¼ �

ð ð

DPn
*

þ Ds
*

� �

u
*
ds; (12)

where DP and Ds
*

are the pressure difference between the two sides of
the wing surface and shear stress, respectively, n

*
is the unit vector normal

to the wing, u
*
is the velocity on the wing, and s is the area of the wing.

The inertial power Piner is the power needed to overcome inertial
force, defined as the dot product of wing inertial force and velocity,

Piner ¼

ð ð

hqwing
du

*

dt
u
*
ds; (13)

where h is the wing thickness.
For convenience, the mess specific aerodynamic power

P�
aero ¼ Paero=m and inertial power P�

iner ¼ Piner=m are defined as the
aerodynamic power and inertial power divided by insect body mess
(m), respectively. The mechanical power P�

mech is the summation of
P�
aero and P�

iner . Since the torsional spring model is used to calculate
passive pitch angle, we assume the wing root is able to store the nega-
tive mechanical power.

The pressure in the current study is normalized as pressure
coefficient

CP ¼
P � P1
1

2
qU2

1

; (14)

where P1 is the reference pressure.
To visualize how odor plume transport are affected by the

flapping wing kinematics, we plotted streaklines that trace the move-
ment of pseudo odorant particles released upstream, as illustrated in
Fig. 6(a). Streaklines essentially represent a continuous stream of par-
ticles introduced from an upstream position. Using the Lagrangian
tracking method, we determined the trajectories of these particles, pro-
viding a visualization of the transport pathways of odor particles
released from specific locations. The particle velocities and positions
were determined using a 4th odor Runge–Kutta technique. There’s a

FIG. 5. Comparison of time history of lift coefficient CL using coarse grid
(288� 112� 224¼ 4.71 � 106), current grid (320� 128� 240¼ 9.83 � 106),
and fine grid (352� 160� 256¼ 14.42 � 106). The shaded areas represent the
downstroke period.

FIG. 4. Simulation setup and computational grids applied in the study. An odor
source is placed in front of the fruit fly with a constant odor intensity. On each
antenna, there are five virtual probes to sample odor intensity variations during flap-
ping flight. The simulation is performed in a 10 � 106 size non-uniform Cartesian
grid. The body and wings are represented by high-density unstructured triangular
surface mesh.
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noteworthy similarity between the odor concentration distribution and
the streaklines, as both elucidate the odor’s structural pattern.
However, differences emerge based on the calculation methodologies.
While determining odor concentration involves solving for advection
in the flow field and diffusion due to concentration gradient, streak-
lines only factor in the velocity field pertinent to odorant advection,
thereby omitting diffusion.

The influence of wing-induced flow on antennal odor concentra-
tion is particularly pronounced at elevated levels of reduced frequency.
To explore how the antennae interpret the odor plume, we employ a
backward Lagrangian tracking methodology, as illustrated in Figs. 6(b)
and 6(c). Initially, particles are released in close proximity to the anten-
nae, as depicted in Fig. 6(b). Leveraging the archived instantaneous
velocity field and by inversely manipulating both time and velocity var-
iables, we can trace these particles back to their origins in the upstream
flow field. Throughout this process, particle velocity and position are
interpolated and computed using a 4th order Runge–Kutta method.

III. RESULTS

In this section, we carried out numerical simulations to investi-
gate the aerodynamic performance and odorant dispersion characteris-
tics of a fruit fly model in forward flight. The odor source was
positioned upstream and characterized by a Schmidt number (Sc) of
1.5. Our study focused on elucidating the effects of two key parameters:
the reduced frequency (k) and the Reynolds number (Re) on the distri-
bution of odorants around the insect and its subsequent odor percep-
tion during upwind surging odor-tracking flight. In Subsec. III A, we
presented the findings for a baseline scenario, where k¼ 0.65 and
Re¼ 180. Subsection III B delves into the influence of varying reduced
frequencies (k), ranging from 0.325 to 1.3. This was accomplished by
modifying the velocity of the incoming air. Finally, Subsec. III C exam-
ines the effects of changing the Reynolds number by altering the kine-
matic viscosity (�), while keeping the Schmidt number constant. To
ensure the simulations reach a periodic state, all simulations are carried
out over a duration of seven flapping cycles.

A. Baseline case

The transport of odorants is fundamentally characterized by two
dimensionless parameters: the Reynolds number (Re) and the Schmidt

number (Sc). In the baseline scenario, the Reynolds number is set at
180. Ethanol, a commonly employed odorant in prior experiments
involving fruit flies,12 dictates a Schmidt number of 1.5 for ethanol in
air, which is adopted for the baseline case. As for the flapping wing
kinematics in the fruit fly model, only the leading-edge motion is pre-
scribed. The wing’s pitch motion is determined through a torsional
spring model, which is integrated with a Navier–Stokes-based CFD
solver using a two-way coupling method. In this baseline case, the
reduced frequency is set at 0.65, corresponding to a forward flying
speed of 0.94m/s for the fruit fly.

Figure 7 provides a temporal analysis of aerodynamic perfor-
mance for the baseline case, focusing on force coefficients, passive
wing pitch angle, and mass-specific power consumption during the
6th and 7th flapping cycles. In this forward flight configuration, the
wing’s stroke plane is inclined at an angle of 10 deg relative to the hori-
zontal plane. This inclination results in asymmetric wing kinematics
between the upstrokes and downstrokes, thereby creating significant
disparities in aerodynamic forces and power consumption for each.
The time-averaged lift coefficient for this scenario is 0.989, with down-
strokes contributing to 79% of the total lift generated. As shown in
Fig. 7(b), the time-averaged drag coefficient stands at �0.0192, con-
firming that the current setup closely mimics the cruising flight behav-
ior of a fruit fly. Figure 7(c) outlines the temporal evolution of the
calculated passive pitching angle, defined as the angle between
the wing and the vertical axis. Due to the angle of the stroke plane and
the incoming air velocity, the average pitch angle during the down-
stroke (55.7�) is markedly greater than that during the upstroke
(�28.2�). To offer a more holistic view of passive wing pitch kinemat-
ics, Fig. 8 illustrates transient wing chord positions and corresponding
aerodynamic forces over the course of a single stroke cycle. As antici-
pated, the bulk of the aerodynamic force is generated during mid-
downstroke, with minimal force manifesting during wing reversal.

Figure 7(d) illustrates the temporal evolution of mass-specific
aerodynamic power, inertial power, and mechanical power, all of
which are normalized by the insect’s total body mass. The graph
reveals that inertial power fluctuates between positive and negative val-
ues within a single stroke cycle. It rises initially due to wing accelera-
tion at the commencement of each stroke—whether downstroke or
upstroke—and subsequently changes sign as the wing decelerates
toward the end of the stroke. In contrast, the aerodynamic power

FIG. 6. Schematics illustrating forward and backward Lagrangian tracking approaches. (a) Overview of the forward Lagrangian tracking methodology. (b) Particle release points
proximate to the antennae. (c) Computational determination of initial particle locations on the sampling plane via “backward” Lagrangian tracking. The sideview (a) shows
streaklines released on the symmetry plane. The backward Lagrangian approach is executed by inverting both time and velocity parameters to trace particle trajectories back
to the upstream flow field.
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remains positive throughout the stroke cycle, albeit modest near the
stroke reversals. Its fluctuating pattern closely mirrors that of aerody-
namic forces. During downstrokes, aerodynamic power is dominant
and peaks around mid-downstroke. Conversely, aerodynamic power
during upstrokes is significantly lower, reaching its apex around mid-
upstroke. Mechanical power, representing the sum of both inertial and
aerodynamic components over the flapping cycles, has a cycle-
averaged mass-specific value of 48.6W/kg. Of this, downstrokes
account for 64% of the power, which is somewhat greater than values
reported for hovering fruit flies. Upon recalculating data from Ref. 55
based on our definitions, the mass-specific mechanical power for hov-
ering fruit flies is approximately 29.1W/kg with zero elastic energy
storage and 34.5W/kg with full energy storage. This elevated power

consumption is expected since forward flight requires not only suffi-
cient lift to counteract gravity but also adequate thrust to overcome air
resistance.

To gain deeper insights into the flow field, we employ the Q-
criterion to visualize the wake structure. Figure 9 presents four snap-
shots during flapping motion featuring both side and top views of the
wake topology, which are color-coded by the pressure coefficient.
During the downstroke, the flapping wings generate pronounced
leading-edge and tip vortices, which subsequently shed into the flow
field. These vortices work in concert with the downwash flow to pro-
vide majority of lift, essential for supporting the insect’s body weight.
In contrast, the vortices produced during the upstroke are significantly
weaker. The periodically shed vortices coalesce to form a succession of
vortex rings in the wake.

To assess how the fruit fly detects an odor plume, we measured
the odor concentration at five specific locations on each antenna,
indicative of the insect’s olfactory sensitivity, as depicted in Figs. 10(a)
and 10(b). Figure 10(c) presents the temporal variations in odor con-
centration at these points. Olfactory sensitivity is strongly correlated
with the position of these sampling points. At the tip of the antenna
(point 1, represented in red), the concentration is highest, as it is ori-
ented directly toward the odor source. Concentration levels at the rear
(point 2, yellow) and inner (point 4, blue) points consistently exceed
those at the front (point 3, green) and outer (point 5, pink) points.
Under the conditions of the current simulation, all five points exhibit
similar trends: olfactory sensitivity peaks during the upstroke and
reaches its nadir during the downstroke. To simplify the analysis, we
use the average concentration value across these five points to repre-
sent overall antenna sensitivity in subsequent sections. This trend can
be elucidated by cross-sectional side views of odor concentration, as
shown in Figs. 11(a1)–11(d1). Generally, the wing-induced airflow

FIG. 7. Time history of lift coefficient CL (a), drag coefficient CD (b), wing pitch angle h (c), and mass specific power P� (d) for the baseline case. The mechanical power in (d)
is the summation of the mass specific aerodynamic power and inertial power. The shaded areas represent the downstroke period.

FIG. 8. Wing chord diagram for the baseline case. The circles and lines denote
wing leading edges and mid wing chords, respectively. The red and blue color rep-
resent the duration of downstroke and upstroke, respectively. The arrows attached
on the wing chord denote the strength and direction of the net aerodynamic forces
generated by the wing. The time interval between each wing chord is Dt/
T¼ 0.0625.
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generates a “saddle point” near the thorax, which lifts the odor plume
above the antenna region during downstrokes and draws it downward
during upstrokes (Fig. 13).

To underscore the influence of wing flapping on odor detection,
we also conducted a ’body-only’ simulation, holding all parameters
constant except for removing the wings from the fruit fly model. As
illustrated in Fig. 12, the absence of wing flapping prevents the upward
induction of the odor plume toward the antennas, resulting in signifi-
cantly reduced olfactory sensitivity, as indicated by the black dashed
line in Fig. 10(c).

To explore the impact of wing-flapping kinematics on odor
plume transport, Fig. 11 provides side and top views of odor concen-
tration cross sections and streaklines. The flapping wing kinematics
dramatically alter the odor landscape surrounding the insect, primarily
directing the odor plume upward. During the upstroke phase
(t/T¼ 0–0.5), wing-induced airflow pulls the odor plume downward
toward the antennae, resulting in heightened olfactory sensitivity.
Conversely, during the downstroke phase (t/T¼ 0.5–1), wing flapping
generates a strong induced flow near the thoracic region that propels
the odor plume upward, away from the antennae, diminishing

FIG. 9. Wake topology visualized by plotting iso-surface of Q-criterion from side and top views, respectively, at t/T¼ 0 (a1), (a2), 0.25 (b1), (b2), 0.5 (c1), (c2), 0.75 (d1), (d2)
for the baseline case. The wake topologies are color coded by pressure coefficient Cp.

FIG. 10. Five odor sampling points on each antenna shown in top view (a) and front view (b). Time history of the normalized odor concentration C� on the five sampling points
on the left antenna for the baseline case and the average for the baseline and body-only case (c).
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olfactory sensitivity. This phenomenon aligns with what has been pre-
viously termed the “trap-and-flick” mechanism.23 Throughout a com-
plete stroke cycle, several streamlines, disturbed by unsteady flow,
intersect the antennal region, expanding the range of odor detection.

For comparison, Fig. 12 displays the side and top views of odor
concentration cross sections and streaklines in a wingless (“body-
only”) scenario. In the absence of wing flapping, the odor plume strug-
gles to reach the antennae. Interestingly, as revealed in the top-view
streaklines [Figs. 11(a4)–11(d4)], only a narrow jet of odorant particles
(depicted in green) in the lateral direction successfully navigates
through the antennae. Particles emanating from other locations,
although affected by wing flapping, are largely undetected by the
antennae.

In Figs. 11(a1)–11(d1), the odor concentration contours reveal a
region of low odor concentration situated beneath the insect’s thorax.

Corresponding streaklines, depicted in cyan in Figs. 11(a2)–11(d2),
curve downward. To elucidate this phenomenon, Fig. 13 presents the
time-averaged velocity contours superimposed with streamlines
for the baseline case. A velocity-null saddle point emerges just anterior
to the thorax where both flapping wings meet. This saddle point acts
as a nexus, drawing odorants from a broad spatial extent due to the
wing-induced airflow. At this point, lateral velocities from each wing
effectively cancel each other out due to the symmetrical flapping kine-
matics, while streamwise velocities are also nullified by opposing wing-
induced flows. As shown in Fig. 13(b), this saddle point bifurcates the
streamlines into two distinct pathways: one channeling upward over
the insect and the other steering downward beneath it. Consequently,
the odorants detected by the antennae are a mix of those advected
from the saddle point by wing-induced flows and those coming
directly from upstream regions.

FIG. 11. Odor concentration field (first and third rows) and streaklines (second and fourth rows) for the baseline case at four key instants during a flapping cycle: t/T¼ 0
(a1)–(a4), 0.25 (b1)–(b4), 0.5 (c1)–(c4), and 0.75 (d1)–(d4), during a flapping cycle. The upper two rows display the data on the symmetry plane from a lateral perspective,
while the lower two rows offer a top–down view.

FIG. 12. Odor concentration field (a), (c) and streaklines (b), (d) for the body-only case when the flow field reached to a steady state. The data are presented from both side
view (a), (b) on the symmetry plane and top view (c), (d), respectively.
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B. Effects of reduced frequency

Fruit flies exhibit a range of flight speeds when seeking out odor
plumes emanating from objects of interest. This section explores the
impact of forward flight velocity on both the structure of the odor
plume and the sensitivity of the antennae to these odors. We scrutinize
the effects of varying forward flight velocities in terms of the reduced
frequency, denoted as k¼ fb/U1, within the span of 0.325–1.3. This
translates to an actual velocity range of 0.47–1.88m/s. Aside from
adjustments to the reduced frequency, all other simulation parameters
remain consistent with the baseline case.

Figure 14 shows the time history of aerodynamic force coeffi-
cients, mass specific power consumption, and passive wing pitch angle
at different k value. The time-averaged �CL, �CD, �h, and �P

�
mech during

upstroke, downstroke, and an entire stroke cycle are summarized in
Table I. Note that smaller k indicates larger forward velocity. As k
increases, we see that the flapping wings generate larger aerodynamic
forces (lift and drag) and consume more power during upstroke.
While during downstroke, the wings generate smaller aerodynamic
forces and consume less power. The cycle-averaged �CL decrease with
k. As for the drag, since we kept the same stroke plane angle for all the

FIG. 14. Time history of lift coefficient CL (a), drag coefficient CD (b), pitch angle h (c), and mass specific mechanical power P�mech (d) for cases with different reduced fre-
quency (k) ranging from 0.325 to 1.3.

FIG. 13. Time-averaged velocity field overlaid with streamlines for the baseline case: side view (a) on the symmetry plane and top view (b). A point in figure (a) exhibiting zero
velocity is identified as a saddle point, as the surrounding velocity contour form a saddle-like shape. The white dashed line in figure (a) indicates the location of the vertical
cross-sectional plane displayed in figure (b).
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cases, at smaller k (larger forward velocity), the flapping wings generate

positive drag force. At larger k (smaller forward velocity), the flapping
wings generate nagetive drag force (thrust). The pitch angle h is calcu-
lated using the torsional spring model elaborated in Sec. II B which
includes the aerodynamic forces, elastic forces, gravitational forces,

and momentum forces acted on the wing. Since the aerodynamic force
is smaller at larger k, the cycle-averaged pitch angle �h also decreases
with k. In summary, both the cycle-averaged aerodynamic forces and
passive wing pitch angles exhibit a decreasing trend with rising
reduced frequency.

Figure 15 presents the wake topology colored by pressure coeffi-
cient CP for different k at mid-downstroke. At smaller k, the larger
incoming air velocity generates stronger wingtip vortex and trailing
edge vortex that shed downstream. As k increases, the strength and
size of wingtip vortex and trailing edge vortex decrease, while the vorti-
ces shed during upstroke are larger in size. Concurrently, these wingtip
and trailing-edge vortices, along with those generated during
upstrokes, coalesce to form a chain of interconnected vortex rings.

Figure 16 displays the variations in antennal odor sensitivity
across different values of the reduced frequency (k). Within the current
simulation setup, we observe that lower k values (0.325–0.65), corre-
sponding to higher forward velocities, result in heightened odor

sensitivity on the antennae. Conversely, higher k values (0.919–1.3)
yield markedly reduced odor sensitivity. Interestingly, lower k values
maximize odor sensitivity during upstrokes and minimize it during
downstrokes, a trend that is inverted at higher k values.

To clarify this phenomenon, we refer to Fig. 17, which showcases
time-averaged velocities normalized by the incoming air velocity (U/
U1). Here, higher U/U1 values indicate stronger wing-induced flows.
At k¼ 0.325 [Figs. 17(a1) and 17(a2)], the incoming air velocity is the
largest such that no saddle point is formed before the thorax.
The wing-induced flow in this case can hardly affect the flow field near
the antennae. However, when k rises to 0.65 (the baseline case), wing-
induced flow establishes a saddle point anterior to the insect’s thorax.
Several streamlines are deviated upward to the antennae region and
the normalized air velocity around the antennae is greatly increased.
At k¼ 1.3, wing-induced flow is most pronounced, leading to both a
saddle point and an isolated stagnation point ahead of the thorax.
Streamlines between these two points form a shield-like airflow over
the insect, essentially enclosing the antennae. Consequently, the anten-
nae primarily detect odors funneled to the stagnation point by the
wings, rather than those advecting from upstream. This flow character-
istic largely accounts for the substantially lower odor concentrations
observed at high k values (0.919–1.3) as shown in Fig. 16.

TABLE I. Summary of time-averaged lift coefficient �CL, drag coefficient �CD, wing pitch angle �h, and mass specific power �P
�
mech for cases with different reduced frequency (k)

during upstroke, downstroke, and an entire flapping cycle.

Upstroke Downstroke Cycle-average

k �CL
�CD

�h (deg) �P
�
mech (W/kg) �CL

�CD
�h (deg) �P

�
mech (W/kg) �CL

�CD
�h (deg) �P

�
mech (W/kg)

0.325 0.238 �0.410 �21.8 23.30 2.027 0.719 61.7 76.43 1.132 0.155 20.0 49.84

0.46 0.349 �0.578 �26.0 28.98 1.751 0.664 58.1 67.06 1.049 0.043 16.1 47.99

0.65 0.424 �0.688 �28.2 34.66 1.557 0.649 55.7 62.74 0.990 �0.019 13.8 48.66

0.919 0.493 �0.766 �30.0 39.83 1.381 0.638 53.4 59.74 0.936 �0.064 11.7 49.74

1.3 0.548 �0.808 �31.6 43.32 1.260 0.635 51.8 57.76 0.903 �0.087 10.1 50.49

FIG. 15. Wake topology visualized by plotting iso-surface of Q-criterion from side and top views at mid-downstroke (t/T¼ 0.75) for the cases with different reduced frequency
k¼ 0.325 (a1), (a2), 0.46 (b1), (b2), 0.65 (c1), (c2), 0.919 (d1), (d2), and 1.3 (e1), (e2). The wake topologies are color coded by pressure coefficient Cp.
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Figure 18(a) shows the time-averaged normalized odor concen-
tration C� on the antennae for different k. In which the fruit flies are
colored by odor concentration to provide a comprehensive under-
standing of odor perception of the insects. Under current setup, at
k¼ 0.46, the odor sensitivity on the antennae reaches to its maximum.
As k continues to increase, the odor sensitivity decreases. Since the
odor sensitivity is greatly affected by the wing-induced flow, we present
the cycle-averaged velocity magnitude near the antennae normalized
by incoming air velocity in Fig. 18(b) as an indicator of the strength of
wing-induced flow. From the normalized air velocity contour U/U1,
we see that the intensity of wing-induced flow increases with k. At
k¼ 0.65, a saddle point occurs before the thorax and greatly alters the
flow field around the antennae. As k continues to increase (k¼ 0.919
and 1.3), the wing-induced flow becomes increasingly dominant in the
antennae region, such that a stagnation point in addition to the saddle
point occurs before the thorax. At the antennae region, the normalized
velocity increases, and the odor concentration is significantly reduced.

Figure 19 displays both side and top views of the normalized
odor concentration contours and streaklines at a reduced frequency
k¼ 0.325, a condition where the incoming airflow primarily dominates
the flow dynamics. Under these conditions, the odor plume in the

vicinity of the antennae is minimally disturbed by wing-induced flows.
Notably, the wing-induced flow is more potent during the downstroke
phase (t/T¼ 0.5–1), causing an upward deflection of the odor plume.
This allows the plume to reach the antennae by mid-upstroke, as seen
in Fig. 19(b1). Conversely, the plume is drawn downward at mid-
downstroke [Fig. 19(d1)] due to the wing-induced flow generated dur-
ing the upstroke (t/T¼ 0–0.5). As a result, odor sensitivity is maxi-
mized during the upstroke and minimized during the downstroke.

Figure 20 offers corresponding visualizations for k¼ 1.3, a setting
where wing-induced flow predominantly shapes the airflow surround-
ing the antennae. During the upstroke, Fig. 20(b1) reveals an odor fila-
ment forming at a stagnation point anterior to the thorax, reaching the
antennae by mid-downstroke [Fig. 19(d1)]. As previously discussed in
Fig. 17(c1), this particular odor plume is conveyed by the wing-
induced flow to the stagnation point before being advected to the
antennae. Thus, at k¼ 1.3, odor sensitivity is maximized during down-
stroke and minimized during upstroke.

Across all examined reduced frequencies, not only is a high-
velocity region situated around the antennae (as shown in Fig. 17), but
the odor concentration there is also significantly higher than in other
parts of the insect body [Fig. 18(a)]. This observation provides further

FIG. 17. Time-averaged velocity field overlaid with streamlines for k¼ 0.325 (a1), (a2), k¼ 0.65 (b1), (b2), and k¼ 1.3 (c1), (c2). The sideviews (a1)–(c1) show data on the
symmetry plane.

FIG. 16. Time history of the normalized odor concentration C� for cases with different reduced frequency (k) ranging from 0.325 to 1.3.
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evidence that the antennae are strategically positioned for optimal
odorant detection. In contrast, for other body regions, such as the dor-
sal area, high odor concentrations [Fig. 18(a)] may exist, but the
reduced air velocity and increased distance could delay the timing of

odor perception, thereby compromising the temporal resolution of
odor detection.

To further explore the impact of different reduced frequencies k
on the range of odor sampling, we employed a backward Lagrangian

FIG. 18. Time-averaged normalized odor concentration C� on the antennae (a) and cycle-averaged velocity magnitude on the symmetry plane near the antennae normalized
by incoming air velocity U�/U1 (b) for different k. The fruit flies colored by C� for different k are shown in (a).

FIG. 19. Odor concentration field (first and third rows) and streaklines (second and fourth rows) for the k¼ 0.325 case at four key instants during a flapping cycle: t/T¼ 0
(a1)–(a4), 0.25 (b1)–(b4), 0.5 (c1)–(c4), and 0.75 (d1)–(d4), during a flapping cycle. The upper two rows display the data on the symmetry plane from a lateral perspective,
while the lower two rows offer a top–down view.
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tracking approach. This allowed us to trace the initial locations from
which odor particles are released and can eventually reach the anten-
nae to be sensed by the insect. We first released particles continuously
in the vicinity of the antennae and used the stored instantaneous data
to track the particles backward into the upstream flow field. As illus-
trated in Fig. 21, initial locations are calculated and corresponding
odor intensity index lines are plotted for varying k values.

For smaller k values, as shown in Fig. 21(a), the odor sampling
range primarily centers in front of the antennae. As k increases, wing-
induced flow begins to dominate the flow field. As a consequence, the

regions of odor sampling shift downward but remain centered near
the symmetry plane, as seen in Figs. 21(b) and 21(c). At k¼ 0.919 and
1.3 [Figs. 21(d) and 21(e)], the initial locations for odorant particles
disperse more broadly across the sampling plane, yet the region of
high odor concentration is positioned even lower. Notably, few initial
points in these cases lie near the symmetry plane, suggesting that the
antennae can sense odors from a considerably wider area.

Figure 22 summarizes the changes in odor sampling regions cor-
responding to different k values. As k increases, the sampling boundary
not only moves downward but also expands in area. This is due to the

FIG. 20. Odor concentration field (first and third rows) and streaklines (second and fourth rows) for the k¼ 1.3 case at four key instants during a flapping cycle: t/T¼ 0
(a1)–(a4), 0.25 (b1)–(b4), 0.5 (c1)–(c4), and 0.75 (d1)–(d4), during a flapping cycle. The upper two rows display the data on the symmetry plane from a lateral perspective,
while the lower two rows offer a top–down view.

FIG. 21. Schematics illustrating odor sampling range calculated using backward Lagrangian tracking approaches for the cases with different reduced frequency: k¼ 0.325 (a),
0.46 (b), 0.625 (c), 0.919 (d), and 1.3 (e).
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diminishing incoming velocity and the increasing dominance of wing-
induced flows around the insect. As a result, a larger area of odorant
particles can be drawn toward the antennae, thereby expanding the
insect’s perception range of odor plumes. However, this perception
range is still relatively limited when compared to the territory navi-
gated during odor-tracking flights. Insects may still employ zigzagging
motions to actively enhance their odor-sampling range. Upon detect-
ing an odor plume, the insects are likely to adopt a higher velocity
(lower k) during upwind surges, enhancing their odor sensitivity and
aiding them in locating the odor source. These findings could elucidate
two distinct behaviors observed in insects during odor-guided flights:
zigzagging crosswind at lower velocities when searching for odor
plumes and surging upwind at higher velocities upon detecting an
odor plume.

C. Effects of Reynolds number

Figure 23 illustrates the temporal evolution of aerodynamic per-
formance and passive wing pitch angle for a fruit fly at varying

Reynolds numbers. In the range between Re¼ 90 and Re¼ 360, we
observe only minimal changes in passive wing pitch angles. This sug-
gests that viscous forces have a negligible effect on the fluid–structure
interaction of the passively pitching wing. As Re increases, the lift force
exhibits a modest uptick, peaking at the midpoint of the downstroke.
Due to pronounced viscous effects at lower Re, elevated drag forces are
generated during forward flight, resulting in higher overall power con-
sumption, as depicted in Fig. 23(d).

Figure 24 reveals the wake topology, colored by the pressure coef-
ficient, at Re¼ 90, Re¼ 180, and Re¼ 360 during mid-downstroke. At
Re¼ 90, viscous diffusion predominates, causing rapid dissipation of
kinematic energy into the surrounding air. At Re¼ 180, two vortex
rings composed of several smaller vortices are shed into the downwash
flow. At Re¼ 360, these vortex rings are considerably larger than in
the other cases and travel greater distances with the downwash. This
behavior is likely due to the larger Re values inhibiting the dissipation
of the vortices, thereby generating elongated, interconnected vortex
rings.

Significant variations in odor sensitivity across different Reynolds
numbers (Re) are evident from Fig. 25. As Re rises, there is a corre-
sponding increase in both the magnitude and amplitude of odor
sensitivity. To elucidate this phenomenon, Fig. 26 presents the time-
averaged velocity field near the antennae, normalized using the incom-
ing air velocity, for Re¼ 90, Re¼ 180, and Re¼ 360. The velocity field
displays an ascending trend with increasing Re, which likely contrib-
utes to the heightened odor sensitivity. Specifically, at Re¼ 360 [as
shown in Fig. 26(c2)], the saddle point shifts downward and the
streamlines become asymmetrical. The contribution of odor diffusivity
(D) to these changes in odor sensitivity becomes more apparent when
examining Figs. 27 and 28, which present the normalized odor

FIG. 23. Time history of lift coefficient CL (a), drag coefficient CD (b), pitch angle h (c), and mass specific mechanical power P
�
mech (d) for cases with different Reynolds number

(Re) ranging from 90 to 360.

FIG. 22. Comparison of odor sampling range for the cases with different reduced
frequency (k).

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 121901 (2023); doi: 10.1063/5.0174377 35, 121901-15

Published under an exclusive license by AIP Publishing

 0
7
 D

e
c
e
m

b
e
r 2

0
2
3
 1

9
:0

2
:1

6



concentration contour and streaklines for various Re. At lower Re values
(as depicted in Fig. 27), D is substantial, and thus, diffusivity is the pre-
dominant factor governing odor transport. Consequently, the odor
structure is less distinguishable, and the odor concentration at the poste-
rior of the fruit fly model is notably reduced, as revealed in Fig. 29(a). In
contrast, at higher Re (illustrated in Fig. 28), D is considerably smaller,
and advection becomes the dominant mechanism for odor transport.
The odor plume structure is much more well-defined and resembles
streaklines, resulting in the highest odor concentration at the rear of the
fruit fly model among all cases examined, as indicated in Fig. 29.

IV. CONCLUSIONS

In this study, we have explored the intricate relationship between
aerodynamics and olfaction in the odor-tracking flight of fruit flies,
extending across a broad range of reduced frequencies and Reynolds
numbers. The instantaneous flow field and odor landscape are
obtained by solving the three-dimensional Navier–Stokes equations,
coupled with equations of motion for the passive pitching wings, and
the advection–diffusion equation for the odor transport.

FIG. 25. Time history of the normalized odor concentration C� for cases with different Reynolds number (Re) ranging from 90 to 360.

FIG. 26. Time-averaged velocity field overlaid with streamlines for Re¼ 90 (a1), (a2), Re¼ 180 (b1), (b2), and Re¼ 360 (c1), (c2). The sideviews (a1)–(c1) show data on the
symmetry plane.

FIG. 24. Wake topology visualized by plotting iso-surface of Q-criterion from side
and top views at mid-downstroke (t/T¼ 0.75) for the cases with different Reynolds
number Re¼ 90 (a1), (a2), 180 (b1), (b2), and 360 (c1), (c2). The wake topologies
are color coded by pressure coefficient Cp.
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FIG. 27. Odor concentration field (first and third rows) and streaklines (second and fourth rows) for the Re¼ 90 case at four key instants during a flapping cycle: t/T¼ 0
(a1)–(a4), 0.25 (b1)–(b4), 0.5 (c1)–(c4), and 0.75 (d1)–(d4), during a flapping cycle. The upper two rows display the data on the symmetry plane from a lateral perspective,
while the lower two rows offer a top–down view.

FIG. 28. Odor concentration field (first and third rows) and streaklines (second and fourth rows) for the Re¼ 360 case at four key instants during a flapping cycle: t/T¼ 0
(a1)–(a4), 0.25 (b1)–(b4), 0.5 (c1)–(c4), and 0.75 (d1)–(d4), during a flapping cycle. The upper two rows display the data on the symmetry plane from a lateral perspective,
while the lower two rows offer a top–down view.
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Our results demonstrate a strong correlation between reduced
frequency and odor perception, both in terms of timing and intensity.
At lower reduced frequencies, which correspond to higher forward
velocities, the wing-induced flow orchestrates a unique ’saddle point’
that optimally elevates the odor plume above the antennae during the
downstroke, only to guide it back during the upstroke. This results in a
heightened sensitivity to odors during downstrokes and reduced sensi-
tivity during upstrokes. Conversely, at higher reduced frequencies
associated with slower forward motion, the wing-induced flow is pow-
erful enough to create a stagnation point alongside the saddle point,
effectively forming a ’shield’ of airflow. This shield obstructs direct
frontal odor reception but amplifies the area from which odors can be
sensed. This aerodynamic phenomenon may elucidate why insects
demonstrate varied flight patterns—surging upwind at higher speeds
and zigzagging at lower speeds—when searching for an odor source.
Moreover, the Reynolds number was found to have a significant influ-
ence on both the flow field and odor landscape. A higher Reynolds
number enhances odor sensitivity due to increased odor diffusivity
and more potent wing-induced flow dynamics. While our simulations
are subject to the limitations of restricted wing and body kinematics,
the insights gained hold considerable promise for the engineering of
man-made, odor-guided micro air vehicles. These findings pave the
way for bio-inspired designs that can more accurately replicate the effi-
cient and nuanced odor-tracking strategies observed in insects.
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