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Flying insects possess sophisticated olfactory systems that they use to find food, locate mates, and
avoid predators. It is suspected that insects flap their wings to draw odor plumes toward their
antennae. This behavior enhances their olfactory sensitivity and is analogous to sniffing in mammals.
However, insects’ wing kinematics change drastically as their flight speed increases, and it is
unknown how these changes affect the insect’s odorant perception. To address this question, we
simulated odor-tracking hawkmoth fight at 2 m/s and 4 m/s using an in-house immersed-boundary-
method-based CFD solver. The solver was used to solve the Navier-Stokes equations that govern the
flow, as well as the advection-diffusion equation that governs the odor transport process. Results
show that hawkmoths use their wings to significantly increase the odor intensity along their antennae.
However, peak odor intensity is 39% higher during 2 m/s flight than 4 m/s flight. We therefore
suspect that insects have greater olfactory performance at lower forward flight speed. Findings from
this study could provide inspiration for bio-inspired odor-guided navigation technology.

Nomenclature
¢ = Wing stroke angle t/T = Normalized time
¥ = Wing deviation angle P*  =Normalized pressure coefficient
@ = Wing pitch angle Utip = Cycle-averaged wing tip velocity
® = Stroke amplitude f = Flapping frequency
Re = Reynolds number k  =Reduced frequency
C' =Normalized odor intensity R = Wing root-to-tip length
D = Odor diffusivity U, = Incoming flow speed
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I. Introduction

HE development of odor-guided navigation technology could lead to transformative advancements in

modern unmanned aerial vehicles. Inspiration for this technology can be found in nature. Flying insects
possess an advanced olfactory system that they use to detect mates, find food, and avoid predators. During
flapping flight, their wings inevitably perturb the odor plumes emitted by these sources. Previous studies
on insect olfaction have demonstrated that insects potentially use their wings to draw odor plumes toward
their olfactory organs (antennae), a behavior comparable to sniffing in mammals [1, 2]. Insect wings
therefore serve a twofold purpose: to generate the aerodynamic forces required for flight, while also
increasing the odor concentration around the antennae. As insects seek an odor source, they exhibit two
primary flight patterns: crosswind tracking and upwind surging. In crosswind tracking flight, they zigzag
side-to-side until they detect a desirable odor, and then they surge upwind toward its source [3, 4]. Previous
studies have suggested that insects’ olfactory sensitivity during upwind surging flight is highly dependent
on their flapping wing kinematics [5].

However, over the past few decades, studies in understanding insect flight have primarily focused on
the aerodynamic function of flapping wings, without considering how the wing-induced flow perturbation
impacts the airborne odor stimuli. For example, as a hawkmoth’s flight speed increases, its wings assume
a more horizontal orientation to reduce drag [6]. This shift in wing kinematics reduces the moth’s
aerodynamic performance, but it remains unknown whether its olfactory performance is similarly affected.
In the literature, there have been relatively few studies on how changes in wing kinematics affect insects’
olfactory sensitivity. Experimental approaches have been hindered by the small size of insect wings and the
inability to non-intrusively measure odor concentration along the antennae. On the other hand,
computational fluid dynamics (CFD) approaches can precisely calculate odor concentration anywhere in
the fluid domain by solving the advection-diffusion equations. However, previous computational studies
on insect olfaction have largely focused on very small insects like fruit flies [5, 7], and there have been no
previous studies on how changes in flight speed affect olfactory performance. To address these gaps in
knowledge, we aim use numerical simulations to examine how changes in a hawkmoth’s flight speed and
wing kinematics affect its olfactory performance. Findings from this work will provide inspiration for the
design of bio-inspired odor-guided navigation systems.

II. Methodology
A. Experimental setup and flight reconstruction

Hawkmoths engaged in upwind surging odor-tracking flight were recorded while flying at both 2 m/s
and 4 m/s. The moths were placed inside a wind tunnel and were allowed to feed from an artificial flower.
Recordings were captured using three high-speed cameras operating at 1000 frames per second with a
shutter speed of 300 ps. During the experiments, the insects’ flight speed was controlled by adjusting the
input velocity of the wind tunnel. See our previous study [6] for further details about this experimental
setup. We selected recordings of a single individual hawkmoth to be used for 3D model reconstruction and
computational simulation.

After recording 2 m/s and 4 m/s upwind surging hawkmoth flight, we created a meshed model
hawkmoth using Autodesk Maya. The model hawkmoth was then superimposed over the wind tunnel
recordings, and the model wings were adjusted to align with various frames of the high-speed video.
Between the selected frames, Fourier interpolation was used to reconstruct one full flapping cycle. Using
the reconstructed flight data, we were able to calculate the hawkmoth’s wing kinematics for each flight
speed. As shown in Figure 1(a), we defined three Euler angles to measure the wing’s position relative to
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the stroke plane. The wing stroke angle (y) gives the location of the wing in the stroke plane and is defined
as the angle between the projection of the wing root-to-tip line and the z-axis. The deviation angle (¢)
provides the angle between the wing root-to-tip line and its projection onto the stroke plane. The wing pitch
angle (0) is defined as the angle between the wing chord and the stroke plane. Figure 1(b) and Figure 1(c)
show the time history of the Euler angles for 2 m/s and 4 m/s upwind surging flight, respectively. These
plots indicate that the magnitude of the hawkmoth’s wing stroke angle increases as its flight speed increases.
In addition, the hawkmoth reduces its wing pitch angle as it flies faster.

To measure the hawkmoth’s wing tip speed in relation to incoming flow speed, we use the reduced
frequency k. This dimensionless parameter is defined by k = 5—R, where f is the hawkmoth’s flapping
frequency, R is the wing root-to-tip length, and Uy, is the incoming flow speed. The reduced frequency is
equal to 0.76 for 2 m/s flight and 0.41 for 4 m/s flight.

(a) (b) (©) 4 m/s
75 75 :.\l?ownsﬁoke Upstroke/ s
\‘\ /s
50 50F . /
- - A, v
g € N ;
=25 =25k \
< < \ 7
5 0 ] 0 - 4
= = ' -
™ Wingtip trajectory = K = i —
Stroke plane 25 25
-50F -50F
1 1 1 1 1 1 L 1
0.2 04 oT 0.6 0.8 1 0 0.2 0.4 oT 0.6 0.8 1

Figure 1. (a) Definition of wing Euler angles. (b) Time history of wing kinematics during 2 m/s upwind
surging flight. (c) Time history of wing kinematics during 4 m/s upwind surging flight.

B. Numerical method and simulation setup

We used an in-house immersed-boundary-method-based computational fluid dynamics solver to solve
the 3D viscous incompressible Navier-Stokes equations that govern the flow. The nondimensional form of
these equations can be written as:

ou; ou;  0(uuy) dp 1 0 <6ui>

ax % T oy T ax T Redx\ox

(1

where u; are the velocity components, p is the pressure, and Re is the Reynolds number.

The above equations are discretized using a collocated cell-centered arrangement of the primitive
variables, u; and p. The equations are integrated in time using a fractional step method, and a second-order
difference scheme is used in space. The complex moving boundaries of the flapping wings are handled
using an immersed boundary method approach, wherein boundary conditions are imposed via a “ghost-cell”
procedure [8]. This approach eliminates the need for complicated remeshing algorithms and greatly reduces
the computational cost of simulations. The immersed boundary method employed in the current study has
successfully been used to simulate insect flight [5, 7, 9] and odor-tracking behavior [10-12], as well as other
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forms of bio-inspired propulsion [9, 13-18]. Validations of the in-house CFD solver employed in this study
can be found in our previous papers [6, 19-23].

Odorant transport in the flow field is governed by the advection-diffusion equation, which can be
written as:

o' oc _ o
ot Max, 7 ax,0x

2)

where u; are the velocity components; C’= C/Cy is the normalized odor intensity and Cj is the odor intensity

at the odor source; and D is the odor diffusivity. In addition, we define the normalized pressure as P* =

2(P—Poo)
pl—]tzip

the stroke amplitude (91.09° for 2 m/s flight and 81.21° for 4 m/s flight), f'is the flapping frequency (27.8

Hz for 2 m/s flight and 30.2 Hz for 4 m/s flight), and R is the wing root-to-tip length (55 mm for all

simulation cases).

. Here, U“-p is the cycle-averaged wing tip velocity and can be expressed as 2dfR, in which @ is
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Figure 2. (a) Comparison between the model hawkmoth and a real hawkmoth. (b) Schematic of the
computational domain used for simulations.

Figure 2(b) shows a schematic of the computational domain employed in this study. The meshed
hawkmoth model was situated within a Cartesian computational grid that contained two defined layers. The
hawkmoth model was placed inside a high-density region, which was surrounded by a secondary dense
layer. Beyond this layer, the grid was stretched rapidly. An inflow boundary condition was specified at the
front of the fluid domain, corresponding to the flight speed of the hawkmoth. Outflow was allowed through
the back of the domain, and a zero-gradient boundary condition was applied at all other boundaries. To
simulate the odor transport process, a rectangular odor source was placed approximately two body lengths
in front of the hawkmoth. All simulations were run for six flapping cycles in order to reach a state of
periodic flow. All results reported in this paper are based on the sixth cycle.

III. Results and Discussion

In this section, we present the hawkmoth’s aerodynamic and olfactory performance during upwind
surging flight at 2 m/s and 4 m/s.
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A. Aerodynamic Performance

Figure 3 shows the time history of the hawkmoth’s aerodynamic force production during 2 m/s and 4
m/s upwind surging flight. These plots demonstrate that the hawkmoth significantly reduces its drag
generation as its flight speed increases. In our previous study [6], we found that the hawkmoth must
minimize drag at high forward flight speeds to prevent itself from blowing away in the incoming flow. To
achieve this, the hawkmoth reduces its wing pitch angle during the upstroke, as shown in Figure 1(b,c)).
However, this shift in wing kinematics also causes the hawkmoth to generate a large amount of negative
lift during the upstroke, which limits the total amount of lift it can generate during the flapping cycle. This
constraint on lift production explains why hawkmoths are unable to sustain steady forward flight at speeds
greater than 4 m/s.

(b) 4 m/s
0.06F  Downstroke Upstroke

0 0.2 0.4 ¢/T 0.6 0.8 1 0 0.2 0.4 T 0.6 0.8 1

Figure 3. Time history of lift and drag generation during (a) 2 m/s and (b) 4 m/s upwind surging odor-
tracking flight.
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Figure 4. Q-criterion vortex structures at t/T = 0.58 for (a) 2 m/s and (b) 4 m/s upwind surging flight.
Vortex structures are colored according to pressure. The odor plume structures at t/T = 0.58 are also shown
for (c) 2 m/s and (d) 4m/s upwind surging flight.

B. Olfactory Performance

As the hawkmoth’s flight speed increases, it modifies its wing kinematics by reducing its wing pitch
angle during the upstroke. In this section, we examine how this shift in wing kinematics affects the wing-
induced flow around the hawkmoth’s antennae and its related olfactory performance. Figure 4 shows the
Q-criterion wake structures and odor plume perturbations produced by the hawkmoth’s flapping wings
approximately halfway through the downstroke (t/T = 0.58). The Q-criterion wake structures are colored
according to the normalized pressure coefficient. During 2 m/s flight, the hawkmoth’s wings generate more
wake and have a greater effect on the odor plume structures. One reason for this difference is the
hawkmoth’s wing kinematics during 2 m/s flight. During low-speed flight, the greater wing pitch angle
(visible in Figure 4(c)) increases the cross-sectional wing area exposed to the incoming flow. As a result,
the flapping wing motion pushes more odor toward the hawkmoth’s antennae. Another reason why wing-
induced flow is greater during 2 m/s flight is related to the reduced frequency k. The reduced frequency is
nearly two times larger during 2 m/s flight (k = 0.71) compared to 4 m/s flight (k = 0.41). This indicates
that wing-induced flow is more dominant at lower flight speeds.
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Figure 5. (a) Side-view and (b) top-view perspectives showing the location of antennae odor probes. The
odor intensity at each probe is shown for (c) 2 m/s and (d) 4 m/s upwind surging flight.

To more closely examine how flight speed affects the hawkmoth’s olfactory performance, we measured
the odor intensity at five probe locations along the hawkmoth’s antennae, as shown in Figure 5. In this
figure, results are also included for body-only simulation cases, which were run without the hawkmoth’s
flapping wings. For the body-only cases, the odor intensity is steady and is greatest near the base of the
antennae. In addition, there is not a significant difference in intensity between the 2 m/s and 4 m/s body-
only cases. When the flapping wings are added, the odor intensity significantly increases and begins to
fluctuate. For both flight speeds, the odor intensity peaks near the beginning of the upstroke. The increase
in odor intensity caused by the flapping wings is much greater during 2 m/s upwind surging flight. This is
a result of the greater wing-induced flow and larger reduced frequency observed at lower flight speeds.
Based on these results, we can conclude that lower flight speeds are better suited for odor-tracking flight in
hawkmoths.
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