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ABSTRACT

Insects rely on their olfactory system to forage, prey, and
mate. They can sense odorant plumes emitted from sources of
their interests with their bilateral odorant antennae, and track
down odor sources using their highly efficient flapping-wing
mechanism. The odor-tracking process typically consists of two
distinct behaviors: surging upwind and zigzagging crosswind.
Despite the extensive numerical and experimental studies on the
flying trajectories and wing flapping kinematics during odor
tracking flight, we have limited understanding of how the flying
trajectories and flapping wings modulate odor plume structures.
In this study, a fully coupled three-way numerical solver is
developed, which solves the 3D Navier-Stokes equations
coupled with equations of motion for the passive flapping wings,
and the odorant convection-diffusion equation. This numerical
solver is applied to investigate the unsteady flow field and the
odorant transport phenomena of a fruit fly model in both surging
upwind and zigzagging crosswind cases. The unsteady flow
generated by flapping wings perturbs the odor plume structure
and significantly impacts the odor intensity at the olfactory
receptors (i.e., antennae). During zigzagging crosswind flight,
the differences in odor perception time and peak odor intensity
at the receptors potentially help create stereo odorant mapping to
track odor source. Our simulation results will provide new
insights into the mechanism of how fruit flies perceive odor
landscape and inspire the future design of odor-guided micro
aerial vehicles (MAVs) for surveillance and detection missions.
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: Wing spanwise length

: Mean wing chord length

: Odor intensity

: Non-dimensional odor intensity
: Cauchy number

: Lift coefficient

: Flapping frequency

: Torsional stiffness of the spring
: Moment of inertia
: Moment due to the aerodynamic force

: Moment due to the elastic force
: Moment due to the gravitational force

: Reynolds number

: Wing surface area

: Velocity component

: Face-centered velocity component
: Averaged wing tip velocity
: Odor diffusivity

: Wing stroke angle

: Wing pitch angle

: Rest angle

: Angular velocity

: Fluid density

: Kinematic viscosity
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INTRODUCTION

The behaviors of fruit flies while tracking odor source have
been widely studied in the past few decades. They exhibit the
ability to track odor source beyond visual field. Fruit flies require
bilateral odorant input on the antennae to create a stereo-
olfactory mapping to track odor source [1]. Li et al [2, 3]
visualized the odor plume structure around fruit flies during
forward flight using Lagrange particle tracing approach and
confirmed that the antennae are well positioned to perceive the
odor plume while avoiding wing-induced disturbance. This gives
rise to a question: how is the odor landscape like near the
antennae?

Experimental studies on the behaviors of fruit flies while
tracking odor source have been conducted. Van Breugel et al [4]
studied the odor tracking behaviors of fruit flies in a wind tunnel
and described the two specific behaviors while encountering
odor plume. Fruit flies zigzag crosswind to upwind when
encountering and losing an odor plume. When they sense the
odor plume again, they surge upwind to visual stimulus [5].
During odor tracking flight, fruit flies actively zigzag crosswind
through the odor landscape to enhance odor filament detection
of the two antennae and increase the sampling range. Meanwhile,
the flapping motion of the two wings alters both the
aerodynamics and odor landscape in the flow field which may
increase the odor sensitivity and generate the odor intensity
gradient to help locate the odor source. However, most previous
studies on odor plume structures during odor-guided flight of
insects are limited on experimental observation. Even though
extensive experiments on flight trajectories during odor tracking
flight were conducted, the lack of quantitative measurement
method of odor intensity at small length scale makes it hard to
understand the effects of flapping wings and flight trajectories
on odor landscape. How the zigzagging crosswind motion and
wing-induced flow generated by flapping wings impact the odor
landscape near the antennae remains unknown.

In addition to experimental measurements, numerical
simulation can be treated as an alternative approach to obtain the
instantaneous odor landscape. One of the challenges to perform
numerical simulation is to predict the wing kinematics during
zigzagging crosswind motion. It has been proposed that the
insect wings can achieve the fundamental aerodynamic functions
passively. As insects apply their muscle force through wing
leading-edge, they create a momentum that overcomes the
aerodynamic loading, causing the wing to pitch without active
control. Bergou et al [6] numerically investigated the required
power for an insect to pitch its wing by solving the 2D Navier-
Stokes equations and found that no additional power is required
to pitch the wing during flapping motion. Ishihara et al [7]
experimentally studied the passive pitch motion of a cranefly
wing model that sunk into silicon oil. Kolomenskiy et al [8]
calculated the passive pitch angle of bumblebees numerically
using a torsional spring model. Their findings prove that the
passive pitch motion of insects wings can be achieved using
torsional spring model. Another challenge is to solve the Navier-
Stokes equations for the flow field and the odorant convection-

diffusion equation for the odor field with complex moving
boundaries (flapping wings). Many previous researches studied
the aerodynamic functions of the flapping wings using a quasi-
steady model [9, 10]. This model is eligible for calculating the
aerodynamics of flapping wings, but cannot be used to obtain the
flow field.

In this paper, direct numerical simulations were conducted to
obtain the instantaneous odor landscape. The trajectories of
surging upwind and zigzagging crosswind flight were
prescribed. For the flapping wings, only the leading-edge
flapping motion was prescribed, while the wing pitch motion
was simulated based on the aerodynamic loading using a
torsional spring model. In order to mimic the odor-tracking
flights, an odor source was placed in front of the fruit fly model
in the upstream. All simulations were conducted using an in-
house three-dimensional immersed-boundary-method-based
computational fluid dynamics (CFD) solver in which the Navier-
Stokes equations and the equations of motion for passive
pitching wings were couple together to obtain the flow field. The
odor convection-diffusion equation was then solved at each time
step to resolve the odor intensity field.

METHODOLOGY
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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Where u; are the velocity component, P is the pressure, p is
the fluid density, vis the kinematic viscosity.

The above equations are discretized using a cell-centered,
collocated arrangement of the primitive variables, and are solved
using a finite difference-based immersed-boundary method [11]
in a non-body-conforming Cartesian grid. The equations are
integrated with time using the fractional step method. Details of
the CFD solver in solving Navier—Stokes equations is elaborated
and validated in our previous studies [12-14]. The CFD solver
has been successfully applied to study canonical revolving wings
[15-18], flapping propulsion problems [13, 19-22] and insect
flight [2, 14, 23, 24].

At each time step, the Navier—Stokes equations for the fluid
field and the equations of motion for solid wings are coupled and
solved using an implicit method. The location and angular
velocity of the wing is then updated from the previous time step.
The aerodynamic forces are obtained by integrating the pressure
and shear on the surface of the insect.

Once the convergence criterion is reached, the odor
convection-diffusion equation is then solved based on the
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velocity field to obtain the instantaneous odor intensity
distribution. The odor convection-diffusion equation is written
as:
oC ocCU, o’C
—+ = 5
ot Ox, ox;

i
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Where C is the odor intensity, a is the odor diffusivity, U; is
the face-centered velocity obtained from interpolation of the
cell-centered velocity u;. The equation is then discretized using
implicit method.
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Schmidt number Sc is used to indicate the intensity of odor

diffusivity, which is defined as the ratio between kinematic

viscosity and odor diffusivity (Sc=v/ « ). Small Sc indicates

odor diffusion dominant the odor transportation, while large Sc
indicates odor convection dominant the odor transportation.
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Figure 1. Schematic of the grid. The uppercase letters denote
cell-centered variables, the lowercase letters denote the face-
centered variables.

As shown in Figure 1, the Navier—Stokes equations and odor
convection-diffusion equation are discretized on non-body-
conforming Cartesian grid, thus eliminates the complex re-
meshing algorithms for moving boundaries on body-conforming
grids at each time step. The uppercase letters W, E, N, and S
represent cell-centered variables, and the lowercase letters w, e,
n, and s represent face-centered variables which are calculated
by interpolation of the corresponding cell-centered variables.
The differential equation for odor transportation can be written
as

Cp' —at(a, Gyt +a,C " +a, Oy +agCy +a,C +a, Cr 4 a, )
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Where the coefficients aw, ag, an, as, as, ar, ap are calculated
by discretizing the diffusion term

Ay Az (5)
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Wing model with torsional spring

The fruit fly model adopted here has been used in our
previous studies [2, 25]. The aspect ratio of the wing is 3.2,
defined as (span)’/(area). As shown in Figure 2 (a), the
kinematics of the wing is defined by three Euler angles, stroke
(¢), deviation (), and pitch () angle. In Figure 2 (b), the stroke
plane angle Sis 20°, the incline angle yis 45°. 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 wing leading edge.

The wing stroke angle is defined in equation (6), 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 Figure 3.

¢(t) =—A,cos(27 [ 1) (6)
Where ¢(¢) is the instantaneous wing stroke angle at time ¢, Ay =
140° is the stroke amplitude, and f'is the flapping frequency.
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Figure 2. Schematic of the flapping wing with a torsional
spring (a) and wing chord diagram during upstroke and
downstroke. Where &is the pitch angle, ¢ is the stroke angle,
[ is the stroke plane angle, y is the body incline angle.
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Figure 3. The time history of prescribed stroke angle and
deviation angle. In current study, the stroke amplitude Ay is
140°, and the deviation amplitude is 0°. The gray shaded
region denotes downstroke.

By calculating the aerodynamic, elastic, and inertial forces
at each time step, the passive wing pitch angle (0) is calculated
using a torsional spring model, in which the wing root is
represented by a torsional spring and the elastic momentum is
thus obtained using
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Melastic = G (9 - 00 ) (7)

Where & is the rest angle, G=471"f’1

I, is the torsional
stiffness of the spring, f, is the natural frequency of the torsional
spring, Iy is the moment of inertia with respect to wing leading-
edge. Previous studies suggested that insects generate the
necessary yaw torque in the turning maneuver by adjusting the

rest angles of its bilateral wings [8, 25, 26].

The angular velocity of pitch angle is then calculated by
solving the equations of motion, which can be written as follows
I o +(IZZ -1, )a)ya)z +1, (a)xa)z —cby)+1yz (a)z2 —wf)
V S ®
—Ixz(a')z+a)xa)y)=M +M e M

aero elastic gravity

Where Iy, Iy, I, Iy, L, and . are momentum of inertia of the
wing. Maeros Meiasiic, and Mgraviry are the momentum due to
aerodynamic, elastic, and gravitational forces, respectively.

The nondimensional torsional stiffness of the wing root is
indicated by the Cauchy number Ch [7] defined as the ratio of
the fluid dynamic pressure force to the structure elastic force,
which can be expressed as follows:

S FALE ©)
G

Where ¢ is the mean wing chord length, b is the wing spanwise
length. The Cauchy number selected in this paper is 0.15 based

on our previous study [27, 28]. At which the lift coefficient is
optimized.
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Figure 4. Schematic diagram of the computational domain
(a), time history of translation in z-direction (b) and time
history of body yaw angle (c). The zigzagging motion is
divided into 4 phases according to the body angular
acceleration. At position (2) and (@), the fruit fly zigzag
through the odor plume.

Figure 5. Simulation setup and computational grids applied
in the study. An odor source is placed in front of the fruit fly
with odor intensity of 1. The antennae are represented by two
virtual probes. On each of the two probes of the fruit fly, the
average value of five points is used to represent the probe.
The simulation is performed in a 15 million size non-uniform
Cartesian grid. The body and wings are represented by high-
density unstructured triangular surface mesh.

Flight kinematics and simulation setup

During a turning flight, fruit flies need to first perform a roll
and yaw motion, and then a counter-roll and counter-yaw motion
by subtle adjustment of the asymmetric kinematics of the left and
right wings [29]. Studies have proved that the yaw torque can be
achieved by adjusting the rest angle of both wings. While how
the roll torque is generated requires further investigations. In this
paper, the kinematics of a fruit fly was reconstructed for both
surging upwind and zigzagging crosswind flight. The zigzagging
motion consists of translation and pure yaw rotation in the
horizontal plane, in which the roll motion is neglected.

An odor source is placed in front of the fruit fly with the odor
intensity of 1. At the inlet, the odor intensity is 0. In the surging
upwind case, the fruit fly is placed at a fixed location facing the
odor source with the rest angle of 0. In the zigzagging crosswind
flight case, the fruit fly zigzags through the odor plume. The
zigzagging motion is divided into 4 phases. Figure 4 (a) shows
the setup of zigzagging flight in current study. Each phase
contains 3 wing flapping cycles and has different rest angle
setup, as shown in Table 1. During phase 1 and 2, the fruit fly
needs to generate torque that turns the body right. During phase
3 and 4, the fruit fly needs to generate torque that turns the body
left.

Figure 4 (b) and (c) show the prescribed body translation in
the lateral direction and rotation in the horizontal plane,
respectively. The translation amplitude is 1.22b, and the rotation
amplitude is 45°. The average relative velocity of the fruit fly
body is 0.46 m/s in both cases. The inlet velocity U is 0.46 m/s
in surging upwind case. In order to match the same relative
velocity as the surging upwind case, the inlet velocity is set as
0.39 m/s in zigzagging crosswind case.

The Reynolds number selected in this paper is 90, which is

defined as Re=U, b/v , where U, is the average wingtip

velocity.
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Table 1. The rest angle 6, of left and right wings for 4

phases.
Phase 1 2 3 4
Left wing 10° 10° -10° -10°
Right wing -10° -10° 10° 10°

The simulations were performed in a non-uniform Cartesian
grid. The computational domain size of the simulation is
30c x30¢ x30¢ in terms of mean wing chord length (). The
grid size used in the current study is 272x112x288. As shown in
Figure 5, the domain mesh has two refined layers. A high
resolution in a cuboidal region around the insect is provided with
the smallest resolution. Around this region, there is a secondary
denser layer. Beyond the secondary denser layer, there is coarse
stretched layer. Boundary conditions on all walls of the
computational domain are set as Neumann boundary condition
except Dirichlet boundary condition is set on the inlet wall with
constant incoming velocity and odor intensity. The fruit fly body
and wings are represented by high-density triangular surface
mesh. The odor intensity around antennae is measured using
virtual probes. Five virtual points at different locations around
each antenna are selected. At each time step, the average odor
intensity of the 5 points is recorded.

RESULTS

In this section, direct numerical simulations for the two odor
tracking flight motions, surging upwind and zigzagging
crosswind motions were performed. The aerodynamics including
passive wing pitch angle, lift coefficient, wake structure, and
odor intensity will be discussed in detail. Notable differences
caused by the rest angle and zigzagging motion setup were
observed. In our setup, the fruit fly achieved an entire zigzagging
cycle with 12 flapping cycles. We simulated the zigzagging
motion for 24 flapping cycles and present the results of the last
12 flapping cycles.

Figure 6 shows the instantaneous passive wing pitch angle
during both the surging upwind and zigzagging crosswind flight.
The average pitch angle occurs during upstroke is -13.5° for
surging upwind flight. For zigzagging crosswind flight, the
number is different for each phase and wing. The average pitch
angles during upstroke are -12.0°, -10.2°, -17.2°, -21.1° for the
left wing and -17.2°, -21.1°, -11.5°, -10.2° for the right wing
during the 4 phases, respectively. The average pitch angle occurs
during downstroke is 46.3° for surging upwind flight. While for
the zigzagging crosswind flight, the average pitch angles during
downstroke are 49.5°, 50.2°, 40.0°, 38.7° for the left wing and
39.7°, 38.7°,49.3°, 50.2° for the right wing during the 4 phases,
respectively. Note that even though the rest angle setup is the
same for phase 1 and phase 2 for zigzagging crosswind case, the
pitch angle pattern and magnitude are largely different due to the

asymmetic flow field. During phase 1, the fruit fly turns left and
cannot capture the wake generated by the previous phase.
Howerver, during phase 2, the fruit fly is more likely to capture
the wake generated previously.

The asymmetric pitch angle of the left and right wings
produces asymmetric forces that generate the yaw torque. Figure
7 shows the instantaneous lift coefficient for both the surging
upwind and zigzagging crosswind flight. The lift coefficient C;

is defined as C, = % , where F7 is the lift force calculated
tip

by integrating the pressure and shear in the y-direction on the
wing surface, S is the wing area. For the surging upwind case,
the average lift coefficient is 1.18. The downstroke generates
82% of the total lift. For the zigzagging crosswind case, the
average lift coefficient is 1.09, 1.20, 1.33, 1.21 for the left wing
and 1.31, 1.21, 1.09, 1.20 for the right wing during the 4 phases,
respectively. Two peaks of lift coefficient at the 3™ and 9™ mid-
downstroke during zigzagging crosswind flight are observed in
Figure 7 (b). The possible reason is as the fruit fly turns left in
phase 1, the relative velocity and angular velocity of the right
wing is larger. Hence, larger lift force is generated on the right
wing. This phenomenon is also observed by previous research
[30] in which the effects of insect body rotation speed is
investigated.

Figure 8 provides the quantitative measurement of the odor
intensity on the probes during the odor tracking flight. The non-

dimensional odor intensity C" is definedasC* =C/C,,,,, . Note

that for the surging upwind case, even though the pitch angle and
lift coefficient seems to reach a steady state, the odor intensity at
the probe varies for different flapping cycles. As expected, the
odor intensity at both probes is nearly identical for surging
upwind flight. The odor intensity is maximized during
downstroke and minimized during upstroke. For zigzagging
crosswind flight, the odor intensity is 0 most of the time, except
when the fruit fly crosses the odor plume directly. Even though
the flapping wings actively draw the odor plume to the body [25],
the odor plume can only be perceived during a small time
interval. We saw differences in odor perception time and peak
odor intensity on the two probes, as shown in Figure 8 (b).
During the 3™ flapping cycle, the fruit fly crosses the odor plume
from the right side to the left. The left probe intercepts the odor
plume earlier than the right probe. Note that larger peak value of
odor intensity is observed on the right probe. The possible reason
is that the right probe is closer to the odor source. Similar
phenomenon is observed during the 9" flapping cycle, when the
fruit fly crosses the odor in the opposite direction. The
differences in odor perception time and peak odor intensity on
the left and right probes may create the stereo olfaction
orientation to guide the fruit fly to the odor source during
zigzagging crosswind flight.
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Figure 6. Time history of the passive pitch angle of the wings in upwind surge motion (a) and zigzagging motion (b) of the fruit
fly. Due to the asymmetric setup of the left and right wings in the zigzagging motion, the pitch angle of both wings is presented
in (b). The gray shaded area denotes downstroke.
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Figure 7. Time history of the lift coefficient of the wings in upwind surge motion (a) and zigzagging motion (b) of the fruit fly.
Due to the asymmetric pitch angle of the left and right wings in the zigzagging motion, the lift coefficient of both wings is
presented in (b). The gray shaded area denotes downstroke.
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Figure 8. Time history of the non-dimensional odor intensity at the left and right probes for upwind surge motion (a) and
zigzagging motion (b) of the fruit fly. The gray shaded area denotes downstroke. Three time instants, i, ii, and iii, are selected to

analyze the transient wake structure and odor plume transportation, as shown in Figure 9 and Figure 10.
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Figure 9. Wake structure (al), (b1), (c1), and odor contour
slices (a2), (b2), (c2) generated in surging upwind flight at
three instants i, ii, iii, as denoted in Figure 8. Where i and iii
are the mid-upstroke, ii is the mid-downstroke. The odor
contour slices are located at the body center.
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Figure 10. Wake structure (al), (b1), (c1), and odor contour
slices (a2), (b2), (c2) generated in zigzagging flight at three
instants i, ii, iii, as denoted in Figure 8. Where i and iii are
the mid-upstroke, ii is the mid-downstroke. The odor contour
slices are located at the middle point of the two probes.

To illustrate the odor plume near the probes, the wake
structures and odor contour slices at three different time instants
for surging upwind flight is presented in Figure 9. The
corresponding time instants are denoted in Figure 8. The wake
structures are visualized using the iso-surface of Q-criterion.
Figure 10 is the wake structures and odor contour slices during
zigzagging crosswind flight. As expected, a much larger vortex
is formed during the downstroke compared with the upstroke.
We see from Figure 8 (a) that the odor intensity is maximized
near mid-downstroke and minimized near mid-upstroke. During
upstroke, the odor plume is draw upward above the probes by the

wing-induced flow, as shown in Figure 9 (a2) and (c2). While
during downstroke, the odor plume is draw downward to the
probes by the wing-induced flow and the odor intensity is
increased. This phenomenon is in line with the observation by Li
et al [3] that the flapping wings trap the odor plume during
downstroke and flick the odor plume during upstroke. During
zigzagging crosswind flight (Figure 10), even though the odor
plume is interfered by the translation motion of the insect body,
it can be observed that the odor intensity is maximized at the
mid-downstroke when the fruit fly cross the odor plume.

CONCLUSIONS

The aerodynamic performance and odor intensity of surging
upwind and zigzagging crosswind motions during odor tracking
flight were investigated by solving the 3D Navier-Stokes
equations, coupled with equations of motion for the passive
pitching wings, and the convection-diffusion equation for the
odor transportation. Our simulation results indicate that the odor
intensity around antennae reaches its maximum value during
downstroke and hits its minimum value during upstroke. In
addition, the unsteady flow generated by flapping wings perturbs
the odor plume structure and significantly impacts the odor
intensity around the antenna. During zigzagging motion, the fruit
fly can only perceive the odor plume during a small time interval.
However, the differences in odor perception time and peak odor
intensity between the two antennae may potentially help create
the stereo olfaction orientation to guide the fruit fly for locating
the odor source.
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