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Effects of wing pitch kinematics on both
aerodynamic and olfactory functions in an
upwind surge

Chengyu Li

Abstract

Flapping wings of insects serve for both generating aerodynamic forces and enhancing olfactory sensitivities when

navigating on the odor-rich planet. Despite the extensive investigations of the aerodynamic function of flapping wings,

we have limited understanding of how the flapping wings potentially affect the physiological sensitivities during flight. In

this paper, direct numerical simulations were used to investigate a fruit fly model in an upwind surging motion. The wing

pitch kinematics were prescribed using a hyperbolic function, which can change the wing pitch profile from a sinusoidal

function to a step function by adjusting the ‘‘C’’ factor in the hyperbolic function. Both aerodynamic performance and

olfactory detections were quantified at various wing pitch kinematics patterns. The effects of flapping wings on the odor

transport were visualized using the Lagrangian approach by uniformly releasing passive odor tracers in upstream. The

study revealed that the insect had the potential to achieve higher aerodynamic performance by tailoring wing pitch

kinematics, but it could reduce the odor mass flux around the antenna. It was suspected that the natural flyers might

sacrifice certain aerodynamic potential to enhance their olfactory sensitivity for surviving purposes. In addition, a trap-

and-flick mechanism is proposed here during the supination phase in order to enhance the olfactory sensitivity. Similar to

the clip-and-fling mechanism for enhancing the force generation during the pronation phase, the newly proposed trap-

and-flick mechanism is also due to the wing-wing interaction in flapping flight. These findings could provide important

implications for engineering applications of odor-guided flapping flight.
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Introduction

Over the past two decades, studies in understanding
insect flight have primarily focused on aerodynamic
functions of insect wings,1–5 which is undoubtedly the
primary function of the wings. However, insect wings
are evolutionally remarkable, and they are known to
serve multiple roles besides flying. For instance, the
induced airflow generated by flapping wings can alter
the thickness of velocity boundary layer adjacent to
olfactory receptors6,7 and potentially enhance the
olfactory sensitivity in an odor-tracking flight.8

When insects flap their wings to lift its body in the
air, the flapping wings will inevitably perturb sur-
rounding chemosensory signals. Presumably, flapping
wing kinematics not only plays a critical role in the
aerodynamic performance but also influences flight-
related physiological sensation.

The aerodynamic basis of flapping wings relies on
the smart wing rotation during both translational and
reversal phases. In the translational phases, the insect

wing maintains a high angle of attack and generates a
tornado-shaped leading-edge vortex attached on the
suction surface.1 In the reversal phases (i.e. supination
and pronation), the wing rotation generates rotational
circulation and captures the wake developed in the
previous translational stroke.2 As the wing flaps
back and forth, the lift generated by the wing can be
almost twofold compared with a static wing in the
same flow condition.9 These unsteady aerodynamic
mechanisms revealed from hovering motion also
apply to a forward flight. However, unlike hovering
flight where lift force is almost evenly generated
during both downstroke and upstroke, the majority
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of lift (up to 80%) is produced during the downstroke
in a forward flight.10 When insects fly forward, its
body will also perturb surrounding airflow and gen-
erate a body wake, and this particularly applies to
insects with a wide body shape.11 As the flapping
wings interact with the body wake, the overall lift
generated by both body and wings can be enhanced
up to 19% compared with the sum of insulated body
and wings.12 This lift enhancement mechanism due to
the wing–body interaction has been widely observed
in various species including cicada,12 fruit fly,13 and
humming bird.14 In addition to these fundamental lift
enhancement mechanisms, insects have also devel-
oped other sophisticated propulsive mechanisms to
survive million years of evolution. For instance, pre-
vious studies discovered many aerodynamic features
that are essential in enhancing aerodynamic function
and flight efficiency, including their surface morph-
ology3 and smart rotation of the trailing edge.4 Yet,
it still remains unknown that how the flow perturb-
ation produced by flapping wing kinematics affects
the flow field around olfactory receptors (i.e. antenna)
and the associated physiological sensation in addition
to the enhancement of the aerodynamic performance.

Insects are flying for purposes. Many insects rely
on their olfactory system for detecting food sources,
prey, and mates. They can sense odorant plumes emit-
ting from sources of their interest, and then rely on
their highly efficient flapping-wing mechanism to
follow odor plumes, and track down odor sources.
During an odor-guided navigation, flapping wings
not only serve as propulsors for lift generation and
steering maneuvers, but also actively draw odor
plumes to the antenna, mimicking ‘‘sniffing’’ in mam-
mals, which helps enhance olfactory detection and
localization. Loudon and Koehl7 measured the air
flow speed near the olfactory antenna of moths
using hot-wire anemometry. Their experimental data
indicated that flapping motion can increase the rate of
interception of pheromone by the sensory hairs on the
antennae by at least an order of magnitude beyond
that in still air. In addition, Sane and Jacobson6

experimentally measured the induced airflow gener-
ated by tethered hawk moths. They found the magni-
tude of induced air flow around olfactory antenna
varies linearly with wing flapping frequency. Besides
flapping motion, the flight trajectory in an odor-
guided navigation also directly impacts its associated
aerodynamic and olfactory functions. The odor-track-
ing process consists of two distinct behaviors: surging
upwind and zigzagging crosswind. When an insect
intercepts a filament of odor, it has a tendency to
surge upwind momentarily, and then fly crosswind
when it loses the odor or when another filament is
intercepted.15 For example, van Breugel et al.16 inves-
tigated the plume-tracking behavior of fruit flies in a
laminar flow wind tunnel. They collected more than
50,000 flight trajectories of fruit flies using an auto-
mated data collection system. Data revealed that

flight dynamics play a critical role for fruit flies to
perceive the surrounding olfactory landscape. When
a fruit fly encounters an attractive odor plume, it ini-
tiates an upwind surge for more than 40 flapping
cycles, and the plume loss in surge motion triggers
the zigzagging crosswind behavior. The flapping
wings and flight trajectory can perturb the physical
structure of odor plumes and create temporal fluctu-
ations of the plume. The effects of the fluid environ-
ment on odor stimulus dynamics have important
consequences for animal behavior.17

However, there is a lack of quantitative measure-
ment on the effects of flapping wings and flight trajec-
tory on aerodynamics and olfaction. Besides, it poses
challenges for the experimental investigations to
measure both aerodynamic and olfactory functions
in odor-tracking flights due to the tiny size wing,
fast flapping motion, and unpredictable flight trajec-
tory. Instead, computational fluid dynamics (CFD)
simulation could work as a nonintrusive alternative
to study the effects of wing kinematics on both aero-
dynamic performance and olfactory sensitivity.
Although there are many computational studies on
insect flight in literature,18–21 those previous studies
are limited as they only considered the aerodynamic
performance without paying attention to the physio-
logical consequence. As an exception, Li et al.8 stu-
died both aerodynamic and olfactory functions of a
fruit fly in forward flight motion using direct numer-
ical simulations. Their simulation results revealed that
the flapping wings trap odor plume in downstroke
and flick the plumes upward during wing reversal.
This observation confirms the important effects of
wing pitch kinematics on enhancing the local odor
concentration in an odor-tracking flight. Yet, this
study only examined a single flapping pattern.
Although wing pitch kinematics plays an important
role in the formation of leading edge vertex (LEV)
and its associated aerodynamic performance and trap-
ping upstream odor plume, the effects of wing pitch
kinematics on these functions have not been investi-
gated in detail. So far, we have limited knowledge
about the consequence of the flapping kinematics on
the flow field around the insect olfactory sensors
(i.e. antenna). The purpose of the present study is to
evaluate the odor trapping process in an upwind
surge. A series of numerical simulations were
performed using an in-house immersed-boundary-
method-based solver. Detailed analyses of aero-
dynamic performance and its associated olfactory
sensitivities are presented and compared for different
wing pitching kinematics patterns.

Methodology

Wing kinematics

Fruit fly is not only a noted model organism for gen-
etic studies, but also widely used for aeronautic
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navigation.22–24 The study adopted an anatomically
correct fruit fly (Drosophila) model that has been
used in previous studies.8,25 The fruit fly wing is trea-
ted as a rigid with an aspect-ratio of 3.19. The wing
thickness is 3% of the mean wing chord length. Based
on the literature of forward flying fruit flies,10,26 the
wing flapping stroke plane is 20� and the fruit fly body
is inclined by 45� with respect to the horizontal plane.
The complex wing flapping kinematics of real insects
can be modeled as a rigid plate rotating through three
Euler angles. In the current study, the flapping motion
is prescribed by specifying the time course of three
Euler angles: wing stroke angle ( ), wing deviation
angle (�), and wing pitch angle (�), as defined in
Figure 1(a). The prescribed wing stroke angle
is given in equation (1) with an amplitude of
A ¼ 140�. The wing deviation angle is set as
�ðtÞ ¼ 0� with respect to the stroke plane. The wing
pitch angle is described by a hyperbolic function given
in equation (2) with an amplitude of A� ¼ 60�. As the
C factor approaches 0, the wing pitch motion becomes
a sinusoidal function, while it tends towards a
step function as C factor reaches 1. The value of
Figure 1(b) shows the time course of three Euler
angles of flapping wings with different wing pitch pro-
files. The equations of wing kinematics (equations (1)
and (2)) represent a generic flapping motion and are
similar to the equations in Berman and Wang.27 The
amplitude of wing stroke and wing pitch angles
adopted here are a reasonable representation of the
kinematics of fruit fly wing and they are consistent
with the previous study26

 tð Þ ¼ 0:5A cos 2�ftð Þ ð1Þ

where  ðtÞ is the instantaneous wing stroke angle at
time t, A is the stroke amplitude, and f is the flapping
frequency.

� tð Þ ¼
A�

tanh Cð Þ
tanh C sin 2�ftð Þ½ � ð2Þ

where, �ðtÞ is the instantaneous wing pitch angle, A� is
the pitch amplitude, and C factor is a constant value
that can control the hyperbolic function changing
from a sinusoidal function (C! 0) to a step function
(C!1).

Numerical method and simulation setup

The governing equations of airflow for insect flight
are the unsteady incompressible viscous Navier–
Stokes equations. The non-dimensional form of the
governing equations is shown in equation (3), and
discretized using the collocated grid arrangement,
where the primitive variables (ui and p) are stored in
the cell center. The equations are integrated with time
using the fractional step method and a second-order
central difference scheme in space is employed.
A sharp interface immersed boundary method is
adopted for handling the complex moving boundaries
involved in flapping motion. The complex immersed
wing and body surfaces are represented by unstruc-
tured triangular elements, while the flow is computed
on the Cartesian grids. The boundary conditions on
the immersed boundaries are imposed through a
ghost-cell procedure. The current numerical treatment
can eliminate the need for the mesh regeneration at
each time step, and thus save the computational cost.
This in-house flow solver has been successfully
applied to study canonical revolving wings,28–30 flap-
ping propulsion problems,31–34 and insect flight.8,12,19

The validations of this solver can be found in the
author’s previous papers.19,32,35

@ui
@xi
¼ 0,

@ ui
@t
þ
@ uiuj
� �
@xj

¼ �
@ p

@xi
þ

1

Re

@

@xj

@ui
@xj

� �
ð3Þ

where ui represents three velocity components in the
Cartesian coordinate system, p is the pressure, and
Re is the Reynolds number.

Figure 1. (a) Fruit fly model with the definition of wing Euler angles, wing pitch angle (�), wing deviation angle (�), and wing stroke

angle ( ).The wing rotates around the pivot points (Ow) within the stroke plane. (b) Time history of wing Euler angles with four

different wing pitch patterns by varying C factor. The grey shared region represents the downstroke period.
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Figure 2 shows a schematic of the nonuniform
Cartesian grid employed in the current study. The
computational domain size of the simulation was
49 �c� 49 �c� 49 �c in terms of mean wing chord length
( �c), in order to achieve domain-independent results.
The grid size employed in the current simulations
was 289� 137� 249. The domain mesh had two
refined layers. As can be seen in Figure 2, very high
resolution was provided in a cuboidal region around
the insect body and wings in all three directions with
the smallest resolution of �x ¼ 0:04 �c. Around this
region, there was a secondary denser layer with
�x ¼ 0:09 �c. Beyond the secondary denser layer, the
grid was stretched rapidly. At the upstream boundary,
the Dirichlet boundary condition was applied with a
constant incoming flow velocity. At the downstream
boundary, the Neumann boundary condition was
provided. The zero-gradient boundary condition was
applied at all lateral boundaries. A homogeneous
Neumann boundary condition was used for pressure
at all these boundaries. The fruit fly body and wing
surfaces were specified using high-density triangular
surface mesh. Nonslip boundary conditions were
applied on these surfaces. To achieve a periodic
state of the flow field, the simulations were run for
eight flapping cycles. The sufficient flapping cycles
were adopted to ensure that the wake structures gen-
erated by flapping wings were fully affected by the
outflow boundary condition.

To guarantee grid-independent simulation results,
a grid refinement study was performed. Figure 3
shows the comparison of lift coefficient in three
different grids densities. The results indicated that
the differences between the medium grid (adopted in
the current study) and fine grid were less than 2.1%
for lift coefficient at their peaks.

The Reynolds number selected in this paper is 100,
which is defined as Re ¼ U1 �c=�, based on the

incoming flow velocity (U1) and the mean wing
chord ( �c). The reduced frequency in the study is
0.65, which is defined as k ¼ f �c=U1. The values
of these nondimensional parameters used here are
consistent with real fruit flies in forward flight
motion.26

In order to evaluate the aerodynamic performance,
the surface pressure and shear stresses along the wing
surfaces were obtained by solving the Navier–Stokes
equations. The lift (FL, along the vertical direction)
and drag (FD, along the horizontal direction) forces

Figure 2. (a) Schematic of the computational mesh (approximately 10 million grids) and boundary conditions that were employed in

the current simulations; (b) high-density surface mesh with approximately 29,000 and 5000 triangular elements were used to define

the body and each wing, respectively.

Figure 3. Comparison of lift coefficient of the wing for

demonstrating the grid independence of the computed results.

The grid employed in the simulations are

193� 129� 193¼ 4:8� 106 (for coars mesh),

289� 137� 249¼ 9:9� 106 (for medium mesh) and

353� 161� 321¼ 18:2� 106 (for fine mesh). The Reynolds

number and reduced frequence for this case are 100 and 0.65,

respectively.
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are presented here as nondimensional coefficients,

which are computed by CL ¼ FL=0:5� �U2
tipS and

CD ¼ FD=0:5� �U2
tipS, respectively. In which, CL and

CD represent the lift and drag coefficients. Here, �Utip

is the mean wing tip velocity, which is defined as

�Utip ¼ 1=Tð Þ
T
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2tip þ v2tip þ w2

tip

q
dt, where utip, vtip,

and wtip are wing tip velocity components in x, y,
and z directions, respectively. Here, the S denotes
the area of the wing surface. The normalized pressure
involved in the current study was defined as
CP ¼ 2 p� p1ð Þ=ð� �U2

tipÞ.

The instantaneous aerodynamic power (Paero) is
the power needed to overcome air resistance and
was calculated as the inner product of the velocity
and the aerodynamic force. The way of computing
the aerodynamic power followed the same defin-
ition as used in evaluating the aerodynamic
power in cicada flight11 and fruit fly flight.36 The
aerodynamic power coefficient was defined as
CPW ¼ Paero=0:5� �U3

tipS.

Evaluation of odor mass flux around antennae

The governing equation of odorant convection and
diffusion in the air phase is given in equation (4)

@C0

@t
¼ D

@2C0

@xi@xi
� ui

@C0

@xi
ð4Þ

where i ¼ 1, 2, 3 indicates the component in the x-, y-,
and z-directions; C0 is the normalized odorant concen-
tration defined by C0 ¼ C=Cin, in which Cin is the inlet
or ambient air odorant concentration.

A pseudo-odor was uniformly and steadily released
from the upstream inlet with a normalized concentra-
tion (C0 at the inlet boundary equals 1). The Peclet
number for the mass transfer is defined by
Pe ¼ Re � Sc, where Sc reprsesents Schmidt number,
which is the ratio between kinematic viscosity and
mass diffusivity (Sc¼ v/D). Typical natural odor in
the environment has a quite low diffusivity (D) in
the air at normal temperature and pressure, ranging
from 10�1 to 10�2 cm2/s. So, the Sc has a range of 100

to 101. Based on the definition, the Peclet number in
the current study is around 100. With the Peclet
number in a range of 102–103, the convective odor
transport dominants the system due to air movement,
thus odor diffusion can be ignored in the present
study.

By ignoring the odorant diffusion, the first term on
the right-hand side of equation (4) is treated as zero.
The odor mass flux through antenna is thus calculated
by C0 � �odor �U

�, where �odor is the density of odorant-
laden air, and U� represents the air velocity above the
velocity boundary layer of antenna surface. The
instantaneous profiles of U� were obtained by using
virtual probes placed above the boundary layer

around the antenna. The thickness of the velocity
boundary layer defined as the distance from the sur-
face where the velocity reaches 99% of the
freestream value. In addition, the density ratio
between odorant-laden air and air is assumed as 1
(�odor ¼ �air¼ 1.225 kgm�3). The normalized odor
intensity (Jodor) was used here to estimate the capabil-
ity of olfactory detection, which is defined as
Jodor ¼ �odorU

�=�airU1. The numerator (�odorU
�) rep-

resents the odor mass flux around the antenna. The
higher value of odor intensity (Jodor) represents a
better olfactory sensitivity during flight.

To visualize the odor plume structures, the
Lagrangian tracking approach was applied by assum-
ing that odor transport is dominated by the convect-
ive flow field. Computational neutral-buoyant particle
tracers have been widely used to mimic the smoke37

and bubble38 with good experimental agreement,
when diffusion is low. The time step of the tracking
proses is set as 0.001. As illustrated in Figure 4,
pseudo-odor path undergoes a translation down-
stream before reaching the flapping wings due to the
uniform velocity field.

Results and discussion

In this section, the aerodynamic performance and
olfactory sensitivity were evaluated for a fruit fly
model in upwind surge with different wing pitch kine-
matics. The vortex structures around insect wing and
body are presented in detail. The odor plume struc-
ture disturbed by flapping wings were then visualized
using the Lagrangian tracking approach to reveal its
underlying flow physics.

Figure 4. An illustration of passive odor tracers released in

upstream. Red, blue, and green colors represent three different

releasing locations at mid-body plane, mid-wingspan, and

wingtip, respectively.
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Aerodynamic performance and olfaction sensitivity

To ensure both aerodynamic and olfactory functions
reached a periodic state, eight flapping cycles were
performed in all simulations. Figure 5 presents the
aerodynamic performance and olfactory sensitivity
results during the last two flapping cycles. Similar to
previous studies of forward flying insects10,12 the
majority of lift was produced during the downstroke,
and the force peaks appeared during the mid-down-
stroke (see Figure 5(a)). As shown in Figure 5(b), the
average value of drag coefficients for all cases was
close to zero, which indicated the force balance was
almost achieved along the horizontal direction. Thus,
the fruit fly was close to a self-propelled upwind surge
with a constant flying speed. Most aerodynamic
power was consumed during the downstroke
(Figure 5(c)), and its peak value appeared during the
mid-downstroke. Due to the effects of wing–wing
interaction, secondary peaks for forces and power
coefficients occurred during the wing reversal phases,
especially for the wing pitch kinematics with C¼ 3.
Unlike the force and power profiles, odor intensity
peak occurred during the wing reversal (supination
period in Figure 5(d)). As the wing pitch kinematics

changed to a step-function profile (C¼ 3), the odor
intensity gradually raised during the pronation
period as well. The average aerodynamic perform-
ances and odor intensity for all the cycles obtained
from the simulations are summarized in Table 1.
The data show that as the wing kinematics profiles
changed from a sinusoidal function (C¼ 0) to a step
function (C¼ 3), the lift generation decreased by
approximately 14%, while the odor intensity around
olfactory surface enhanced by about 10%. The wing
pitch kinematics profile with C¼ 2 achieves the opti-
mal aerodynamic efficiency, in terms of lift-to-power

Figure 5. Time evolution of lift coefficient (a), drag coefficient (b), aerodynamic power coefficient (c), and normalized odor intensity

(d), when the flapping wing underwent different wing pitch kinematics by adjusting the C factor in equation (2). The grey shaded region

indicates the downstroke.

Table 1. Cycle-averaged lift coefficient ( �CL), aerodynamic

power coefficient ( �CPW ), lift-to-power ratio ( �CL= �CPW), and odor

intensity (�Jodor) with different wing pitch kinematics.

�CL
�CPW

�CL= �CPW
�Jodor

C ¼ 0 0.674 0.467 1.444 1.155

C ¼ 1 0.642 0.415 1.548 1.144

C ¼ 2 0.593 0.378 1.571 1.148

C ¼ 3 0.578 0.409 1.412 1.270
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Figure 6. Comparison of wake structures for the wing pitch kinematics with C¼ 0 (a–b), C¼ 1 (c–d), C¼ 2 (e–f), and C¼ 3 (g–h).

The wake structures were visualized by Q-criterion and color coded using normalized pressure. The streamwise wakelength (�) of the

downstroke vortex structures was quantified in terms of wing length (R). The vortex structure that was generated due to the

clap-and-fling is labeled in plots (g–h).

Figure 7. Comparison of leading-edge vortex (LEV) and antenna vortex (AV) formation when the wing flaps around the middle of

downstroke with different wing pitch kinematics.
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ratio ( �CL= �CPW). However, the overall trend of the
odor intensity ( �Jodor) is quite different from the aero-
dynamic performance. The minimal value of odor
intensity appears with C¼ 1. As the C factor continu-
ously increases, the value of odor intensity reaches an
increasingly higher value. This different changing
trends between the aerodynamic performance and
olfactory sensitivity indicate that the flapping wings
benefit each function based on different mechanisms.
There may exist a conflict of interest between both
functions. By tailoring the C factor in the hyperbolic
function, the aerodynamic performance could
increase, while it would sacrifice the odor intensity
received by the olfactory receptors (i.e. antenna). It
is possible that the insect might have to achieve a

balance between two functions, instead of purely opti-
mizing either one of them.

Figure 6 shows the wake topology generated by
different wing pitch kinematics, and they are visua-
lized using Q-criterion and color coded by the normal-
ized pressure. In general, the wake is dominated by a
chain of vortex loops behind the wing and periodically
shed at the wing reversal in each flapping cycle. The
streamwise wakelength (l) of the downstroke vortex
structure is around 2.37R, where R is the wing span
length. It is not surprising that with a step-function
like wing pitch kinematics profile (C¼ 3), the inter-
action between the flapping wing pair is significantly
enhanced during the pronation phase, which is also
known as clap-and-fling.39 The vortex structure that
is generated due to the clap-and-fling is labeled in
Figure 6(g) and (h).

Next, the LEV around insect wing and
antenna vortex (AV) that were developed around
insect head are compared with various wing pitch
kinematics, as shown in Figure 7. For each case, mul-
tiple 2D slides cuts were taken along the insect’s wing
and body. The size of the LEV continues to grow
proportionally along the span. As the wing pitch pro-
files change from C¼ 0 to C¼ 3, the size of LEV
decreases, while shows better LEV attachment. In
addition, the flapping wings induce strong air flow
over its body and form an antenna vortex around
its head.

To quantify the strength of the AV, the z-direction
vorticity field (!z) was visualized using contour lines.
After each vortex was manually identified, a closed
contour line was generated around this vortex with
a specified level, and the circulation (�) was then

Figure 9. Odor plume structure was visualized using neutral-buoyant particles released from lateral (the first row) and dorsal (the

second row) locations, respectively: (a) C¼ 0, (b) C¼ 1, (c) C¼ 2, (d) C¼ 3. The snapshots were selected at the time points of peak

odor mass flux to the antenna. The colors of the particles indicate different release locations.

Figure 8. Time evolution of the normalized vortex

circulation around antenna for different wing pitch kinematics.

The vortex circulation was nondimensionalized using incoming

flow velocity (U1) and wing length (R).
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calculated by integrating the z-direction vorticity
along this line, and then normalized by U1 � R.
Although the magnitude of the circulation
depends on the chosen contour level, the characteris-
tic behavior of the vortex is not affected by this
choice. As illustrated in Figure 8, the strength of
vortex circulation above the antenna synchronizes
with the flapping motion and presents peak values
during the supination phase. By comparing Figure 8
with Figure 5(d), the general changing trend of
antenna vortex circulation is similar to the odor
intensity. This observation indicates that the flapping
wings enhance the odor intensity by inducing stronger
airflow above its head during the supination phase
and thus enhance the olfactory function in odor-
tracking flight.

Smart wing rotation in odor-tracking flight

The odor sampling range induced by flapping wings
was visualized by parallel releasing streams of pseudo
odor plume uniformly in upstream, as shown in
Figure 9. The colors of the particles indicate different
releasing locations. For the sinusoidal function
(C¼ 0), only the green particles were able to pass
through the antenna region induced by the flapping
motion. By changing the wing pitch kinematics to the
step function (C¼ 3), the wing could draw more par-
ticles to pass through the olfactory region (i.e. the
cyan and blue particles). The spatial sampling
ranges of odor also increased in the vertical direction,
which implied a better olfaction detection (the first
row of Figure 9). However, if the odor particles
were released from the top view, surprisingly, only

Figure 10. Comparison of the vortex structure between C¼ 0 (the left column) and C¼ 3 (the right column) during the upstroke at

t/T¼ 7.0 (a–b), 7.125 (c–d), 7.25 (e–f), 7.325 (g–h), 7.5 (i–j). The slide cut is taken around the body center. The z-direction vorticity is

normalized by multiplying the wing length (R) and dividing it by the incoming flow velocity (U1).
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the center of the particle was able to pass through the
antenna region. This observation is applicable to all
different wing pitch kinematics. Although the vertical
odorant sampling range of insect can be significantly
amplified by the flapping motion, the flapping wings
cannot transport odor laterally. It is speculated that
this fluid mechanism for the odor transport might be
the reason why insect needs to present zigzagging
cross-wind motion during the odor-guided naviga-
tion. Based on the present CFD simulation results,
the lateral component of flow speed near the olfactory
receptors (i.e. antenna) is canceled out due to the sym-
metrical flapping motion between the left and right
wings. The asymmetrical flapping motion during a
zigzagging cross-wind motion can potentially enhance
the lateral component of airflow induced by the flap-
ping wings. The horizontally oriented antenna in
many insects together with the zigzagging motion
may supplement the sampling range in the horizontal
direction during the odor-guided navigation. Of
course, this hypothesis needs to be tested in future
investigations.

Figure 10 compares the vortex structures around
the center of insect body between the sinusoidal func-
tion (C¼ 0) and the step function (C¼ 3) wing pitch
kinematics. The fast wing rotation during the wing
reversal phase created a wake region under the
insect body for the case with C¼ 3. This wake
region was created when the wing pair interacted
with each other during the supination phase. This
can explain why more pseudo odor plume particles
can be flicked upward to the insect antenna in
Figure 9(d) (top panel). It has been widely realized
that the clap and fling mechanism during the prona-
tion phase can enhance the force generation.40–43

However, few studies have focused on the contribu-
tion of supination phase of flapping wings. The cur-
rent study suggested that the wing–wing interaction
during the supination phase may not be important
in terms of aerodynamic performance, but it could
potentially enhance the olfactory sensitivity by amp-
lifying the vertical sampling range of odor-tracking
flight.

In addition, it was observed that the odor
sampling enhanced by flapping wings consisted
of two stages of accumulation. During the down-
stroke (Figure 11(a)), the downward flapping
wings push airflow towards its body and attract
some of the stream particles around the antenna
region, but they have the limitation to induce the
particles far from its body. Once the wing starts
to reverse and flap upward (Figure 11(b)), the trail-
ing-edge close to the wing root rotates quickly and
kicks surrounding airflow upward, and thus
brings these distant particles to the antenna. This phe-
nomenon is especially evident for a step-function such
as wing pitch kinematics (C¼ 3 in Figure 9(d),
top row).

Conclusions

In this study, the effects of wing pitch kinematics on
the aerodynamic and olfactory functions were numer-
ically investigated for a fruit fly model in an upwind
surge. Using a high-fidelity immersed-boundary-
method-based CFD solver, the author carried out
the unsteady flow simulations of the wing pitch pro-
files, varying from a sinusoidal function to a step
function. The aim of this study was to examine how
the flapping motion affects both aerodynamic per-
formance and olfactory sensitivity. The simulation
results revealed that the changing of wing pitch kine-
matics could modify the wing–wing interaction during
the wing reversal phases. During the pronation phase,
the flapping wings interacted with each other, created
distinct vortex, and enhanced its associated force gen-
eration, which is also well known as clip-and-fling
mechanism. During the supination phase, the flapping
wings trapped the odor plumes and then flicked them
upward to the olfactory receptors (i.e. antenna).
Through this trap-and-flick mechanism, the olfactory
sensitivity could be enhanced by up to 10%. However,
the enhancement of olfactory sensitivity was achieved
at a cost. It decreased the lift generation by around
14%. In other words, there is always a trade-off
between the aerodynamic and olfactory functions. In
order to maintain both aerodynamic and olfactory
functions, it is speculated that the natural flyers may
sacrifice certain aerodynamic or olfactory potential to
achieve a balance between both functions. It is
expected that the current study would offer some gen-
eral insights into the flow physics of odor-guided navi-
gation in nature.

Figure 11. Schematics of the odor trapping (a) and flicking (b)

mechanism that enhances the olfaction sensitivity in an odor-

tracking flight.
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