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Wing-antenna interaction reduces odour fatigue
in butterfly odour-tracking flight
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Flying insects exhibit remarkable capabilities in coordinating their olfactory sensory
system and flapping wings during odour plume-tracking flights. While observations have
indicated that their flapping wing motion can ‘sniff’ up the incoming plumes for better
odour sampling range, how flapping motion impacts the odour concentration field around
the antennae is unknown. Here, we reconstruct the body and wing kinematics of a
forwards-flying butterfly based on high-speed images. Using an in-house computational
fluid dynamics solver, we simulate the unsteady flow field and odourant transport process
by solving the Navier—Stokes and odourant advection-diffusion equations. Our results
show that, during flapping flight, the interaction between wing leading-edge vortices
and antenna vortices strengthens the circulation of antenna vortices by over two-fold
compared with cases without flapping motion, leading to a significant increase in odour
intensity fluctuation along the antennae. Specifically, the interaction between the wings
and antennae amplifies odour intensity fluctuations on the antennae by up to 8.4 fold.
This enhancement is critical in preventing odour fatigue during odour-tracking flights.
Further analysis reveals that this interaction is influenced by the inter-antennal angle.
Adjusting this angle allows insects to balance between resistance to odour fatigue and
the breadth of odour sampling. Narrower inter-antennal angles enhance fatigue resistance,
while wider angles extend the sampling range but reduce resistance. Additionally, our
findings suggest that while the flexibility of the wings and the thorax’s pitching motion in
butterflies do influence odour fluctuation, their impact is relatively secondary to that of the
wing—antenna interaction.
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1. Introduction

Flying insects, as products of natural engineering, are tiny yet equipped with advanced
features: highly efficient flapping wings (Heinrich 1974; Lehmann, Dickinson & Patel
1997; Jones & Babinsky 2012; Lehmann, Wang & Engels 2021), robust flight control
(Fry, Sayaman & Dickinson 2003; Iwamoto & Yagi 2013; Dickinson & Muijres 2016;
Farisenkov et al. 2022) and sophisticated sensory neural networks (Taylor & Krapp
2007; Rapp & Nawrot 2020; Tuckman et al. 2021). The collaboration of these features
allows insects to precisely navigate in a complex flow environment. To gain inspiration
on artificial insect-like systems, scientists endeavour to understand these complex
mechanisms of collaborations (Ashley & Rodden 1972; Lehmann, Sane & Dickinson
2005; Ruiz & Theobald 2020; Hiirkey et al. 2023). While insects are managed to
coordinate these functions for complex tasks, current man-made designs are facing
challenges in integrating these features. For example, even equipped with highly sensitive
sensors, rotary drones have trouble detecting chemicals because of the strong induced
flow in downwash, which blows away most of the chemicals (Allers er al. 2023).
This limitation makes odour-detection drones ineffective and even dangerous to work
at places where hazardous chemicals have risks of spreading out. In contrast, insects
have a fundamental ability of not blowing away these chemicals, especially when
odour detection is the main purpose of the flight, such as during foraging or mating.
Compared with current drone designs, insects stroke their flapping wings to keep aloft
instead of rotary blades. Understanding the mechanism of how insects coordinate their
wing flapping motion and olfactory perception is necessary for replicating the chemical
detection performance in designs of unmanned devices navigating in dynamic flow
environments.

1.1. Olfactory sensory and flying are not conflicting for insects

Olfactory sensory while flying is an essential ability of insects which is crucial for
foraging, mating, and communication (Baker 1989; Baker et al. 2018; Lin 2023). However,
during an odour plume-tracking flight, the flapping motion of insects’ wings inevitably
disturbs the surrounding air due to the generation of wing-induced flow. The disturbance
of the flow field can potentially blow away the incoming odour plume, causing the failure
of odour sensory, just like the failure of rotary drones for odour detection. Recent research
has shown that when insects fly under a high reduced frequency, the induced flow redirects
the plume to flow above the antennae by forming a shield-like streamline in the frontal flow
field (Lei & Li 2023). It is true that such induced flow reduces the plume reachable by
antennae, which has a negative effect on odour perception. However, this shielding effect
serves other benefits — increasing the odour sampling range. This is desirable when insects
are flying in the mode called cross-wind zigzagging — a flight mode when the insects
need larger sampling due to lost odour clues. This active motion can be analogous to
‘sniffing’ in mammals (Tripathy et al. 2010). Conversely, during an upwind surging flight
— the other mode that requires stable track of odour clue — insects prioritize strengthening
peak odour intensity over antennae, sacrificing the odour sampling range. Evaluating
the odour intensity over the antennae of fruit flies during forwards flights, Li, Dong &
Zhao (2018) reported that the wing-induced flow enhances the peak odour flux over the
antennae up to 1.8 times. By switching wing kinematics between two flight modes, insects
can strategically track the odour source. This adaptability enables insects to locate odour
sources in complex environments with obstacles, weak odour fields and natural disturbance
(Wolf 2011; Conchou et al. 2019; Lei & Li 2023).
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1.2. Olfactory adaptation

In addition to the ability to ‘sniffing’ odourants without dispersing them, insects still
have a weakness that is shared with mammals: continuous odour stimulus will lead to
olfactory adaptation, commonly known as odour fatigue. Unlike artificial odour sensors
(Wen et al. 2018), insects’ sensilla neurons can reach an adapted state under continuous
stimuli (Dolzer, Fischer & Stengl 2003). Experimental observations have revealed that
moths show a better response to pulsatile odour delivery compared with constant odour
stimuli (Baker ef al. 1985; Dolzer et al. 2003; Daly et al. 2013). However, under steady
odour delivery, moths have poor sensory performance. Sanders (1997) conducted an
experiment where a moth is navigating in a high-concentration field of pheromone, and
it loses track of the pheromone source. The main reason for the failure is that the stimuli
intensity is so much stronger than in a natural environment that the moth senses a relatively
constant odour intensity that causes odour fatigue.

In nature, to locate odour sources in complex environments, insects must have mastered
some mechanisms that help them overcome odour fatigue. For example, as insects swarm
— a mating and pairing activity for many insects (Syrjamiki 1964; Sullivan 1981) —
insects must have a way to track the pheromone plume under continuous pheromone
stimuli without getting odour fatigue. We hypothesize that insects’ ability to navigate
in such concentrated pheromone fields may be the result of the beneficial flapping
motion. Several experiments have shown some hints that induced airflow, a byproduct
of flapping flight, varies linearly with wing beat frequency and alters the olfactory stimuli
received by the sensory organs (Sane 2006; Sane & Jacobson 2006). This induced airflow
potentially creates fluctuations, preventing the sensory neurons from reaching an adapted
state. However, to date, there is a lack of comprehensive explanation that attributes the
mechanism of the odour fatigue resistance to the flapping motion, especially from a fluid
mechanic perspective.

1.3. Wing-induced flow on olfactory perception

During flight, the existence of antennae and wing-induced flow have a mutual influence:
the structure of antennae may disturb the induced flow, while flow affects sensory
perception. For example, much research found that the rami density of pectinate antennae
(comb-like structure) among insects, like moths, effectively affects how much the air
can flow through the sensilla, influencing the pheromone capture (Jaffar-Bandjee et al.
2020a,b). In contrast, the wing-induced airflow can decrease the depth of the velocity
boundary layer over antennae and thereby increase the rate of interception of air-born
olfactory cues by at least an order of magnitude (Loudon & Koehl 2000; Loudon & Davis
2005). Although current researchers have noticed the antennae themselves may affect the
flow, most research still only treats the antennae of insects as proprioceptors, providing
speed feedback to insects (Roy Khurana & Sane 2016). The inter-antennal angle, the angle
between two antennae, is used to estimate the airspeed in experiments (Schneider 1964).
Recent research has observed that when insects land on odour sources, they actively
vibrate their antennae to enhance sensory sampling (Schneider 1964; Loudon 2009;
Diirr, Berendes & Strube-Bloss 2022). We speculate that this antennal movement
can induce fluctuations in the air, affecting the distribution of odour plumes. Such
fluctuations are crucial for preventing odour fatigue, particularly as insects land on odour
sources. However, insects exhibit different behaviour during flight, where antennae remain
relatively fixed at certain angles to maintain flight stability (Krishnan et al. 2012). Frequent
movement of antennae may break the balance of inertial forces, making the flight unstable.
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Thus, aside from the benefits of antennal movements, odour fatigue resistance may also
be attributed to the induced flow from wing flapping motion, termed wing—antenna
interaction. Considering that the induced flow has been found to provide some benefits
for odour perception, flapping motion can serve as an alternative to antennal movement
during flight.

1.4. Other impact factors: body motion and wing flexibility

Many factors can influence the odour perception of antennae, potentially mitigating odour
fatigue. One such factor is body motion. Based on observations, some insects exhibit
periodic body rotations during odour-tracking flights. The oscillation of the butterfly’s
body has been found to actively influence the direction of vortex rings generated by
flapping wings (Fei & Yang 2016) and enhance aerodynamic performance (Chang et al.
2020). As antennae are fixed on the head during the flight for balance purposes, body
motion leads to relative antennal motion against the global coordinates. When the antennae
intersect the air flow, corresponding air disturbances may generate fluctuations in the odour
field, potentially preventing odour fatigue. However, the specific impact of body motion
on odour perception remains unexplored.

Another factor is wing flexibility. In contrast to rigid wings, the deformation of flexible
wings facilitates the transfer of wing momentum to the wake, directing a more effective
direction of aerodynamic forces according to the flight direction (Young et al. 2009). This
ability to direct airflow backwards during forwards flight potentially mitigates backflow
that disperses incoming plumes. However, further investigation is required to confirm this
speculation as the impacts of other aforementioned factors are explored.

1.5. Modelling the free-flying butterfly and numerical simulations

Butterflies offer a unique opportunity to study both flight aerodynamics and olfactory
sensing. Their signature long antennae allow easier analysis of flow dynamics and potential
interactions with wings due to the relatively low ratio between antenna length and
wingspan. Compared with other species such as moths and locusts, butterflies typically
have low-aspect-ratio wings, with aspect ratios (ARs) ranging from 1.5 to 2.5 (Betts &
Wootton 1988; Dudley & Srygley 1994; Tanaka & Shimoyama 2010). Compared with
high-aspect-ratio wings (AR > 3) of other insects, flapping wings under low AR results in
stronger wingtip vortices and increased air perturbation, facilitating clearer observations of
wing-induced flow (Le Roy, Debat & Llaurens 2019). Additionally, butterflies commonly
use a combination of thorax-pithing and abdominal oscillation with wing flapping, setting
them apart from other insects. Furthermore, the aerodynamic effects of wing deformation
in butterflies are well-studied due to their relatively higher wing flexibility, allowing for a
more focused investigation of its impact on olfactory performance.

To address our speculations, we first reconstructed the kinematics of flapping wings
and oscillating bodies based on high-speed videos of forwards-flying butterflies. We
specifically selected an upwind surging butterfly for analysis to simplify the investigation
by excluding complex flight manoeuvres during zigzagging flights. Employing an in-house
high-fidelity computational fluid dynamics (CFD) solver, we explored the unsteady
flow field and odourant transport process by solving both the Navier—Stokes and
advection-diffusion equations.

A series of comprehensive parametric studies were conducted to investigate how or
whether wing-induced flow resulting from wing-antenna interaction can prevent odour
fatigue. Our aim was to address these questions from a fluid mechanics perspective:
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Parameters Values

Total mass, m (g) 0.60
Body mass, my (g) 0.48
Wing mass, m,, (g) 0.06
Wingspan length, R (mm) 44.90
Wing area, S, (mm?) 1151.09
Forewing area, S¢ (mm?) 641.87
Hindwing area, S, (mm?) 509.22
Wing loading, mg/(2S,,) (N m~2) 2.56
Aspect ratio, AR = R?/S,, 1.75
Flapping frequency, f,, (Hz) 11.11
Forwards flying speed, Uso (m s™1) 0.85

Table 1. Morphological parameters of the monarch butterfly (Danaus plexippus).
*The parameters in the table are listed for one side of the wings.

(1) how or whether wing-antenna interaction can prevent odour fatigue, (ii) how or whether
inter-antennal angles can modulate the wing-antenna interaction mechanism, and (iii) what
extent flexible wing pairs and varying thorax pithing contribute to odour fatigue resistance.

2. Methodology
2.1. Reconstruction of freely flying butterfly

Monarch butterflies (Danaus plexippus) were wild captured and expected to fly into a
filming scene voluntarily. The filming scene consisted of three orthogonally calibrated
high-speed video apparatus (Photron Fastcam SA3 60 K, Photron USA, Inc, San Diego,
CA, USA) with a shutter speed of 1/(20 000) s and a resolution of 1024 x 1024 pixels.
Three orthogonal whiteboards were set as backgrounds placed towards each camera. We
collected approximately 20 separate recordings of free-flying butterflies at 1000 frames per
second. One recording was selected when the butterfly was performing a forwards flying

at a constant speed (0.85 m s~!). The morphological parameters of the corresponding
butterfly are summarized in table 1.

To reconstruct the freely flying butterfly, we adopted a template-based hierarchical
subdivision surface method with joint controllers using Autodesk MAYA (Autodesk, San
Raphael, CA, USA). Figure 1 compares the real butterfly with our model with a template
mesh. Morphologically, a butterfly has a forewing and a hindwing on each side. During
flight, the forewing and hindwing partially overlap with each other serving as a single
lifting surface. To reduce computational complexity in CFD simulation, the forewing
and the hindwing were modelled as one piece in the current study. A similar modelling
approach has also been adopted in previous studies (Yokoyama et al. 2013; Zheng, Hedrick
& Mittal 2013; Bode-Oke & Dong 2020). Figure 2(a) demonstrates the reconstruction
process at a selected instant. The high-speed videos were loaded into the virtual cameras
based on the experimental set-up. The wing and body kinematics were applied to the
model according to the two-dimensional (2-D) images (figure 2b,c).

The surface of the model was controlled by a set of joint controllers of the template
model. Each of the joints governs the nearby meshes. The relationship of the joints
is established on a hierarchy of ‘parent’ and ‘child’, where parent joints control the
child joint controllers. By rotating one joint against the centre of itself, for example, the
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Figure 1. (a) Monarch butterfly (Danaus plexippus) with the computational model on the left half.
(b) Schematic of the joint controllers for adjusting surface deformation.

(@)

(b)

Top view camera | |

Back view camera" |\

Figure 2. (a) Scaled virtual scene based on the actual filming scene. Reconstructed model overlapping with
the background images from (b) side view and (c) back view, at a selected instant. See the supplementary movie
1 for the entire reconstructed flapping flight motion.

assigned nearby meshes rotated against the centre, and all its child joints rotated against
this parent joint. The joint controllers on wings are set based on the easily identifiable
natural patterns of wing veins. On the body, we put a parent joint controller on the
centre of mass of the butterfly and a child controller on the abdomen hinge to control
the whole abdominal oscillation. Before any kinematics and deformation were applied,
the initial pose of all wing joints was set as shown in figure 1(b), and the initial mesh
was planar as the template wing mesh (figure 1a). By manipulating the joint controllers,
we reconstructed the three-dimensional (3-D) wing and body kinematics with natural
deformations at 91 instants during one flapping cycle. The morphology of the model
butterfly’s wings was adjusted to align with the high-speed recordings (see figure 2(b,c)
and supplementary movie 1 is available at https://doi.org/10.1017/jfm.2024.644). Between
the 91 reconstructed frames, we use Fourier interpolation to interpolate the unstructured
surface mesh over time, producing a high temporal frequency (960 time steps per beating
cycle) input for our CFD solver.
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Figure 3. (a) Definition of wing Euler angles (wing pitch angle 6,,, wing deviation angle ¢,,, wing stroke
angle ¥,,) in a local coordinate system (x,,, yw, zy). The origin (O,,) is located at the wing root. The wing
position shown here is at the mid-downstroke. Additionally, 6, is smaller than 90° when leading-edge points
forwards; ¥, = 0° when the wing tip points along z,, and vr,, < 0° when the wing tip is at the dorsal side of the
body. The value of ¢,, is positive when the wing tip is above the stroke plane. (b) Time course of Euler angles
for the forewing. (¢) Time course of Euler angles for the hindwing. Due to the spanwise twisting, the variation
of wing pitch angle (6,,) in (b) and (c) are shown with standard deviations.

2.2. Quantification of wing and body kinematics

The wing kinematics are described by three Euler angles in a reference frame fixed on the
stroke plane (figure 3a). The stroke plane is obtained by the least-squares plane of the wing
root and the wing tip trajectory. Next, wing kinematics were quantified on the stroke plane
using three Euler angles: wing stroke, wing deviation and wing pitch. The wing stroke
angle (v,,) provides the location of the wing in the stroke plane, defined as the angle
between the projection of the root-to-tip connection line and the z,, axis. The deviation
angle (¢,,) is the angle between the root-to-tip connection line and its projection onto the
stroke plane. The wing pitch angle (6,,) provides the angle between the wing chord and
the stroke plane.

As shown in figure 3(b,c), the Euler angles of the butterfly’s forewing and hindwing
are plotted separately due to the dramatic surface deformation in flapping flight. In one
flapping cycle, the forewing stroke angle (v,,) has an amplitude of 146.53° (—88.12° to
58.41°), while the hindwing has an amplitude of 117.76° (—40.98° to 76.78°). The forewing
and hindwing approach the peak stroke angles at a similar time, indicating similar stroke
phases.

The forewing deviation angle (¢,,) is positive most of the time, which ranges from
—4.88° to 27.01°. However, the hindwing deviation angle has both positive and negative
values, which range from —12.40° to 17.93°. The changing magnitude of the forewing and
hindwing deviation angles are 31.89° and 30.33°, which are relatively close.

The wing pitch angles (8,,) are calculated based on the wing chords at 25 %, 50 %,
and 75 % of the wingspan, and the plotted curves are the average value with standard
deviations. Within the flapping cycle, the forewing pitches range from 63.49° to 134.89°
while the hindwing pitch angle ranges from 33.57° to 170.96°. The pitch amplitude of
the forewing and hindwing are 71.4° and 137.39°, respectively. The forewing reaches a
valley of pitch angle 25 % period sooner than the hindwing, indicating the pitching of the
hindwing lags the forewing.

The general patterns of wing Euler angles, including the flapping amplitude and stroke
period reported in our study align with findings from several other butterfly studies (Senda
et al. 2012; Yokoyama et al. 2013; Zheng et al. 2013). For example, our reported wing
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Figure 4. Time course of Euler angles for the forewing and hindwing of the rigid wing model.

position angle agrees with observations from the monarch butterfly study conducted by
Sridhar, Kang & Landrum (2016). When averaging the stroke angle for both the forewing
and hindwing, we obtain a range of —64.55 to 67.60°, resulting in an amplitude of 132.15°.
This amplitude range is consistent with Sridhar’s reported values falling within the range
of 76° to 151°, derived from multiple flapping cycles and the average values of forewing
and hindwing. A key variation among these studies is in the peak or valley pitch angle.
While some studies pinpoint the middle of the downstroke, others indicate the beginning
of the downstroke. In our investigation, the valley pitch angle, obtained by averaging
the forewing and hindwing, closely aligns with the mid-point of the downstroke. The
observed variation in pitch angle phase is reasonable, especially considering that the
measurement of pitch angle depends on the location along the wingspan. Our study goes
a step further by reporting pitch angles based on three distinct locations, contributing to a
more comprehensive understanding of the phase dynamics.

The reconstruction of the freely flying butterfly with both surface deformation and
wing-body coupled oscillation is defined as the baseline model throughout the paper.
To evaluate the influence of wing flexibility, we also constructed a rigid wing model for
comparison with the baseline model. The mesh and controller set of the rigid wing model
are planar as the template mesh shown in figure 1(a). We kept the kinematics of the root
joints (figure 1b) identical between both models, and we attempted to match the forewing
leading-edge of the rigid model to that of the baseline model. Thus, the wing root, the
node on the leading edge and the trailing edge at 1/2 wingspan of both models overlap.
The hindwing was flattened onto the plane of the rigid forewing and attached to it through
the whole flapping cycle. Figure 4 shows the wing kinematics of the rigid wing model.

The butterfly uses a coupled wing—body motion to fly. To describe the body kinematics,
two Cartesian coordinate systems were introduced: a global frame (x, y, z) and a body
frame (xp, y», zp). The body frame was fixed to the mid-frontal plane with an origin located
at the centre of mass of the butterfly (figure 5a). During a forwards flight, the body rolling
and yawing are negligible. Thus, the body motion can be described only by the thorax
pitch angle 8; and the centre of rotation positioned at the thorax centre (midpoint of two
wing roots). To quantify the abdominal oscillation, the abdomen deviation angle 6, is
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Figure 5. (a) Definition of the mid-frontal plane which crosses the wing—body intersection. The longitudinal
axis is in the mid-frontal plane and goes through both head and thorax—abdomen intersection. The direction
yp+ follows the dorsoventral direction. (b) Definition of thorax pitch angle (9;) and abdomen deviation angle
(0,). The thorax pitch angle is the angle of the body’s longitudinal axis against the horizontal plane in the
global frame. The abdomen deviation angle is defined as the angle between the abdominal axis and the thorax
longitudinal axis. The 6, is positive when the abdomen is bent below the mid-frontal plane. (¢) Time history
of thorax pitch angle (6,) and abdomen deviation angle (6,). The grey-shaded region indicates the downstroke
period of flapping wings.

defined in figure 5(b). It represents the relative position of the abdomen with respect to
the mid-frontal plane. The 6, is positive when the abdomen is bent below the mid-frontal
plane. As shown in figure 5(c), the body thorax pitches downwards during the downstroke
of flapping wings, while it pitches upwards during the upstroke. In the meanwhile, the
abdomen first pitched down during the first half downstroke and then pitched up. The
position of the abdomen gradually recovers to the initial position during the upstroke of
flapping wings. It is worth noting that there is a phase difference of 20 % period between
the thorax pitch angle (6;) and abdomen deviation angle (6,), as shown in figure 5(c). The
body kinematics data reported here are consistent with a previous butterfly study (Fei &
Yang 2016). To demonstrate the wing kinematics in the global frame, figure 6(a) presents
the wingtip trajectory with body oscillation in flapping flight. The associated wing chord
position with respect to the horizontal plane is shown in figure 6(b).

2.3. Numerical method
This study employs an immersed-boundary-method-based in-house CFD solver to
numerically solve the 3-D unsteady Navier—Stokes equations for a viscous incompressible
flow with constant properties given by

8u,~

— =0, 2.1

- (2.1)
ou;  I(uju; 10 d (Ju;
ﬁ+M:___p+v— Ji , 2.2)
at 0x; P 0X; oxj \ 0x;

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

The above equations are discretized using a cell-centred collocated grid arrangement
of the primitive variables (#; and p). The fractional step method is used to integrate
the equations in time, and a second-order central difference scheme is used in space.
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Figure 6. (a) Body oscillation and wing tip trajectory in a global coordinate system. (b) Schematics for wing
chords. The blue wing cord lines represent the downstroke and the red ones represent the upstroke, where the
filled circles on each cord line stand for the leading-edge.

An immersed-boundary-method-based approach is applied to handle the complex
moving boundaries of the beating wings. In this method, boundary conditions are
imposed on the immersed boundaries through a ghost-cell procedure. Compared with
the boundary-conforming methods, the immersed-boundary-method approach eliminates
the need for complicated re-meshing algorithms. It thus significantly reduces the
computational cost associated with simulating flow past complex moving boundaries.
Immersed boundary methods can be broadly characterized under two categories:
continuous forcing approach (Goldstein, Handler & Sirovich 1993) and discrete forcing
approach (Kim, Kim & Choi 2001). The present study employs a multi-dimensional
‘ghost-cell” methodology to impose the boundary conditions on the immersed boundary
(Mittal et al. 2008). This method can be categorized as a discrete forcing approach
wherein forcing is directly incorporated into the discretized Navier—Stokes equations. The
movement of the immersed boundaries (wings and body) is prescribed according to the
image-based reconstruction as described in § 2.1. This immersed-boundary method has
successfully been used to simulate insect flights (Li ez al. 2018; Li, Dong, & Cheng 2020a;
Li 2021) and bio-inspired propulsions (Li & Dong 2016; Li et al. 2019; Li, Dong, & Zhao
2020b; Lei, Crimaldi & Li 2021). Validations of the current in-house CFD solver can be
found in our previous studies (Li, Dong & Liu 2015; Li & Dong 2017; Li et al. 2017,
Lei & Li 2020; Lionetti, Hedrick & Li 2022).

The governing equation of odourant advection-diffusion in the air phase can be written
as

ac’ ac’ 3*C
— 4+ Ui—=D , (2.3)
ot 0x; 0x;0x;

where i (=1, 2 and 3) indicates the components in the x-, y- and z-directions;C’ = C/Cy
is the normalized odour intensity and Cy is the odour intensity of the odour source; U; is
the face-centred velocity obtained by interpolation of the cell-centred velocity u;; D is the
odour diffusivity.

At each time step, the odour advection-diffusion equation is solved based on the
velocity field obtained from the Navier—Stokes equations to obtain the odour concentration
landscape. The advection-diffusion equation is discretized using an implicit method with
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Figure 7. (a) Schematic of the computational mesh and boundary conditions employed in the current
simulation. (b,c) Comparison of lift coefficient (Cr) and drag coefficient (Cp) for demonstrating the grid
independence of the computed results. The grid employed in simulations is 257 x 153 x 277 = 1.08 x 107
(coarse), 289 x 177 x 225 = 1.30 x 107 (intermediate) and 353 x 193 x 257 = 1.75 x 107 (finer).

second-order accuracy in space. The detailed validations of this numerical treatment for
solving odour transportation have been documented in our previous study (Lei et al. 2021).

2.4. Simulation set-up

Figure 7(a) illustrates the simulation set-up for the current study. The inflow boundary
condition was specified at the front of the fluid domain, and an outflow boundary condition
was used at the back of the fluid domain. At all other lateral boundaries, a zero gradient
was adopted. The domain mesh has two refined layers. A very fine mesh is provided
in a cubic region around the butterfly’s body and wings. Around this region, there is a
secondary denser mesh. Beyond these refined layers, the mesh grid is stretched rapidly.
The simulations were carried out with a grid size of 289 x 177 x 225. The simulation
results are independent of grid size, which is validated by the comparison of results with
different grid resolutions. Figure 7(b) plots the comparison of the lift and drag forces
among the baseline grid and two additional grid set-ups, where a finer grid with the size
of 353 x 193 x 257 and a coarse grid with the size of 257 x 153 x 277 are tested for the
comparison. There are less than 3 % differences between the testing cases and the baseline
case, which indicates that the results are independent of grid size.

The flow field is characterized by Reynolds number (Re). In the current study,
the Reynolds number is defined by Re = UR/v, where Uy is the forwards flight
velocity, R is the wingspan length and v is the kinematic viscosity (approximately
1.56 x 107> m? s~! for air at a room temperature of 25 °C). Based on the experimental
measurement (table 1), the Reynolds number is 2446.47.

The odourant transport phenomenon is characterized by both Re and Schmidt number
(Sc), which are combined as the Péclet number (Pe = Re Sc). Here, the Péclet number is
1736.99, which indicates a ratio between the rate of advection and the rate of diffusion.
With the Péclet number of the order of 103, the advective odour transportation is faster
than the diffusive odour transportation. The Schmidt number is a ratio between kinematic
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viscosity and odour diffusivity (Sc = v/D). The typical natural odour has relatively low
diffusivity (D) in the air at normal temperature and pressure, and is of an order of
1073 m? s~!. In this study, the odour diffusivity D is set to 2.2 x 107> m? s~! which
leads to a Schmidt number Sc of 0.71.

During the simulations, a cubic odour source is positioned in front of the butterfly model
at a distance of 1.27R (wingspan). The odour source’s centre aligns with the coordinates
of the thorax centre when the thorax pitch angle (6;) is 44.07°, a value derived from the
average of the peak and valley of 6.

2.5. Evaluation of aerodynamic performance and olfaction sensitivity

The aerodynamic forces are obtained by the surface integration of pressure and shear
stress across the wings and the body. In this study, the vertical and horizontal components
of aerodynamic force (F,.r,) are denoted by the scalars: lift (Fz) and drag (Fp), which
are calculated by projecting the integrated force in the vertical and horizontal directions,
respectively. The lift and drag force are expressed as non-dimensional scalar coefficients,
lift coefficient (Cr) and drag coefficient (Cp), as defined by the following equations:

Fr

Cp=—" (2.4)
3PUSw
F
Cp = % (2.5)
zloUooSW

Here p = 1.2 kg m~ represents the air density, Uy is the flight velocity, and S,, is the
total area of the forewing and hindwing.

In addition to the aerodynamic forces, we have computed the inertial force of the wing,
which drives the wing kinematics. According to Newton’s second law, the inertial force

(Finer) can be calculated by
my, du
Fiper = / —= _c ds, (2.6)

where m,, is the wing mass, u. is the cell-centred velocity vector of the triangular
element on the wing and s is the area of the triangular element. The inertial force is
non-dimensionalized as

F iner
7PU3Sw

* —
iner —

2.7

Aerodynamic power, the power required to overcome air resistance, is defined as the
scalar products of velocity and the aerodynamic force acting on the wing:

N
Puero = — Z (Faem,i . uc,i) = _/ (Ap+ At)n - ucds, (2.8)
i

where Ap and At are the pressure difference and shear stress difference between the two
sides of the wing surface, n is the unit normal vector of the element on the wing, u, is the
cell-centred velocity vector of the element and ds is the area of the element.
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Inertial power, the power required to accelerate the wings, is defined as the scalar
products of velocity and the inertial force needed to flap the wing:

N
my, du
Piner = — E (Finer,i . uc,i) = // r_<. ucds, (2.9)
i

S, dr

where F,. is obtained by (2.6). In this study, the power is represented by the
non-dimensional power coefficient (Cpy,), given by

P
3PU3Sw
The methods employed here for calculating inertial force and power align with those used
in various insect studies, like hawkmoths, flies and cicadas (Aono & Liu 2006; Liu 2009;
Wan, Dong & Gai 2014; Lionetti et al. 2022).

In addition, the total energy consumption is assessed through the total mechanical
power, which consists of two components: aerodynamic power and inertial power. The
aerodynamic power is consistently positive, while the inertial power exhibits both positive
and negative values. Positive inertial power is used to accelerate the wings, while
negative inertial power decelerates the wings. When calculating total mechanical power,
positive inertial power is always included, but negative inertial power depends on its use.
Negative inertial power is either stored as other forms of energy, such as elastic energy,
for later use or dissipated as heat or sound. The stored energy should be included in the
total mechanical power, while the dissipated energy should be ignored. Thus, accurate
calculation of total mechanical power requires careful consideration of how the negative
inertial power fits in the total mechanical power.

Considering the flexibility of the butterfly’s wing, a portion of the negative inertial
power must be stored as elastic energy, making it necessary to account for elastic energy
storage when calculating mechanical power. However, precisely quantifying the amount
of negative inertial power stored as elastic energy is challenging. Recent insect studies
commonly provide a range to represent the extent of elastic energy storage, from 0 % to
100 % (Lyu & Sun 2021; Lionetti et al. 2022). This approach allows the actual mechanical
power to be estimated within this range.

When the mechanical power at the lower limit (Pyecn0%) With 0% elastic energy
storage is calculated, it is assumed that the negative inertial power is fully dissipated as
heat and sound, and therefore excluded from the total mechanical power consumption. In
this case, the mechanical power is calculated by summing the aerodynamic power (Pgero)

.. . . +
and the positive inertial power (P;,,.), as

Cpw = (2.10)

Puech.0% = Paero + P 2.11)

iner’

where P; . Tepresents the positive inertial power.

Conversely, when calculating the mechanical power at the upper limit (Py,ecn, 100 %) for
100 % elastic energy storage, it is assumed that all the negative inertial power is fully
stored as elastic energy. This stored elastic energy is also assumed to be fully released

later, potentially reducing the power consumption in subsequent wing strokes. Thus, the

mechanical power is calculated by including the negative inertial power (P;,,.), as
Pmech,lOO% = Paero + Pz—';er + Pi;er’ (212)

where P, represents the negative inertial power. This method of accounting for inertial

power in the total energy cost follows the existing literature (Ellington 1984; Dickinson
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Case name Thorax Abdomen Wings kinematics Wing surface
Baseline oscillating oscillating flapping flexible
Body only oscillating oscillating absent absent
Rigid wing oscillating oscillating flapping rigid flattened
Fixed thorax fixed oscillating flapping flexible
Gliding fixed fixed fixed flexible

Table 2. Case configurations.

& Lighton 1995; Lyu & Sun 2021; Lionetti et al. 2022). In some studies, when assuming
100 % elastic storage, it is also assumed that the cycle-averaged P;;l or T Piner = 0 due to
the symmetric wingbeat between the downstroke and upstroke (Lau et al. 2014). However,
since the wingbeat in this study is not temporally symmetric, the inertial power terms
remain in (2.12).

Additionally, we have run a simulation of the butterfly with rigid wings. In this case,
the wings lack elastic properties. Therefore, when calculating mechanical power for this
rigid-wing case, only aerodynamic power and positive inertial power are included in the
total power calculation using (2.11).

To evaluate the instantaneous odour concentration, the odour intensity is presented
by the normalized value (C/Cp) which is obtained from solving the advection-diffusion
equation. All the ‘odour intensity’ in this paper refers to the normalized odour intensity.
Since the primary odour sensory organ of the butterfly is its antennae, we put eight virtual
probes along each antenna. The probes collect the time history of odour intensity that
passes the probe locations. In our calculation, we assume 100 % odour absorption when
the odourant-laden air passes through the antenna, which is a reasonable simplification for
the diffusion and binding process of a chemical species through the boundary layer to the
olfactory receptor.

2.6. Case configuration of parametric studies

In the following sections, we conduct a parametric analysis through a series of simulations
to establish correlations between aerodynamics and odour sensory performance during
the odour-tracking flight of butterflies. By systematically adjusting parameters within the
models, we can observe changes in performance. Table 2 outlines all cases, specifying the
modified parameters.

In § 3.1, we present the simulation results derived from reconstructing the model using
the original high-speed recording, referred to as the baseline case throughout the entire
text. The assessment of the baseline case is designed to provide a thorough examination of
a natural butterfly flight, establishing a foundational context for subsequent cases.

In § 3.2, we compared the body-only case with the baseline to evaluate the performance
difference without the flapping wings. The kinematics of the thorax and abdomen
remained consistent with the baseline, allowing us to isolate the impact of wing flapping
on the results.

Section 3.3 serves as an extension to § 3.1 and investigates the change in odour sensing
performance as the inter-antennal angle changes. We compare the baseline case itself with
different antennae positions under the same flow conditions. This evaluation is designed
to isolate the influence that is caused by the distance between the antennae and the wings.
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In § 3.4, we compare a rigid-wing case with the baseline case by flattening the wing
surface while keeping all other parameters constant. Details on the modelling method are
provided in § 2.2. Additionally, § 3.5 presents a comparison between the baseline case and
four fixed-thorax cases, which involve models with the thorax pitching angle (6,) fixed at
30°, 40°, 50° and 60°. The primary objective of the rigid-wing and fixed-thorax cases is to
eliminate the influence of changed parameters on the results obtained in § 3.2. In § 3.6, we
investigate a gliding scenario featuring both a fixed thorax and abdomen. The wings are
included in the simulation, maintaining a stationary position.

In §3.7, we compare the newly proposed wing—antenna interaction mechanism with
other performance enhancement mechanisms in insect flight.

3. Results and discussion
3.1. Baseline case

Figure 8 presents the aerodynamic forces and power consumptions of the reconstructed
butterfly model in a forwards flight. The grey-shaded area of figure 8 indicates the
downstroke period of a flapping cycle. The downstroke takes approximately 57 % of the
stroke cycle, whereas the upstroke accounts for 43 %. The time ratio between downstroke
and upstroke is approximately 1.33. For the flapping wing, figure 8(a) shows that 93 %
of lift is generated in its downstroke, whereas the remaining 7 % is generated in the
upstroke. The cycle-averaged lift generated by two wings is 6.02 mN. The aerodynamic
forces generated on the butterfly’s body are also calculated. Although the lift contribution
of the butterfly body is comparatively trivial to its wing pair, it generates 0.17 mN
of cycle-averaged lift in the forwards flight. This results in a total of 6.18 mN of
cycle-averaged lift generated by both body and wings. Considering that the weight of
the butterfly is 5.83 mN, the calculated vertical force from our simulation gives a 93.95 %
accuracy. The time history of the drag coefficient (Cp) is shown in figure 8(b). The drag
force is generated in the downstroke and the thrust is produced during the upstroke. In
each flapping cycle, the cycle-averaged drag force is slightly above zero, which indicates
the thrust and drag forces are roughly balanced along the horizontal direction.

Figure 8(c) shows the time history of the aerodynamic, inertial and mechanical powers.
The instantaneous aerodynamic power is always positive over the entire flapping cycle. The
trend of the instantaneous aerodynamic power resembles the trend of aerodynamic forces.
Greater power consumption during the downstroke compared with the upstroke is likely
due to the downstroke’s dominant role in lift production. The cycle-averaged aerodynamic
power coefficient Cpy, gero 18 16.85. Unlike aerodynamic power, inertial power can be both
positive and negative during the flapping cycle. The inertial power increases when the
wing accelerates, while it decreases as the wing decelerates. Due to the dramatic surface
deformation of the wing surface during the downstroke, some of the wing elements may
accelerate while others decelerate. This leads to the oscillation of the instant inertial
power during the downstroke. The cycle-averaged inertial power coefficient Cpy, jner 1S
only approximately 0.19.

The mechanical power is calculated by (2.11) and (2.12) under the condition where
the inertial power is either 100 % or 0 % elastically stored during the deceleration of
wings. Throughout most of the cycle, mechanical power remains positive, transitioning
to negative values at the conclusion of the upstroke. The cycle-averaged mechanical power
coefficient, denoted by C'00% , and Cg% are 17.04 and 26.82 establishing a range

pw,mec w,mech’

within which real mechanical power is expected to fall. During the downstroke, C ;(V)V(?;Z‘; h
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Figure 8. The time history of (a) lift coefficient Cy, and (b) drag coefficient Cp generated by the left wing
and body. (c) Time history of aerodynamic power coefficient Cpy, ero and inertial power coefficient Cpyy, iner
produced by the left wing. (d) Time history of mechanical power coefficient C'00% ;, Which has 100 %

pw,meci

elastic storage from the negative inertial power and mechanical power coefficient Cgf”ma,h which has 0%

elastic storage. The actual mechanical power lies in between the two curves. The grey-shaded area represents
downstroke period.

and ngjm ocp, @€ 24.01 and 29.79, while in the upstroke, they are 8.63 and 23.22. This
yields a range difference of 14.59 in the upstroke, surpassing the 5.78 difference observed
in the downstroke. Consequently, the upstroke is characterized by a greater amount of
elastic energy storage for deceleration.

To provide a better visualization of flapping-wing aerodynamics, the cycle-averaged lift
coefficient and aerodynamic power coefficient are projected on the wing surface (figure 9).
Here, the lift force is the vertical components of the aerodynamic force for each element
which is the pressure difference between the top and bottom divided by the corresponding
element area. The aerodynamic power is derived from (2.8) where aerodynamic force
is calculated similarly. Our results indicate that most lift force is produced around the
leading-edge region, especially the region near the wing tip. This observation agrees well
with the previous observation of a substantial lift contribution from the leading-edge of
butterflies, as reported by Srygley & Thomas (2002). In addition, figure 9 also indicates
that the forewings generate much more lift than the hindwings. Similar observation in other
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Figure 9. Wing surface distribution of cycle-averaged lift coefficient Cy, (left) and aerodynamic power
coefficient Cpyy,gero (right).

insect species has been reported by Wan et al. (2014) who revealed a coupled forewing and
hindwing mechanism.

On the right part of figure 9, it is noticeable that most of the aerodynamic power
diminishes compared with other parts of the wing. Getting closer to the body, the power
to overcome the air resistance is less than the other part of the wing. This phenomenon
is likely attributed to the wing—body interaction, coupled with the lower velocity near the
body resulting from the non-slip boundary condition.

Figure 10 shows the time sequence of 3-D vortex structures using the non-dimensional
Q-criterion (QU(%o /R* = 400), colour coded by the spanwise vorticity (w.). For each
wing, a leading-edge vortex (LEV) is developed and grows stronger, remaining stably
attached during the downstroke (#/T =7.125-7.375). As the wing further flaps down, the
deceleration of the wing induces a strong tip vortex (TV) around both forewing and
hindwing during the period of supination (i.e. #/7 =7.625). Distinct vortex loops are
gradually shed into the flow field from the wingtip and trailing edge of the wings (i.e.
t/T =17.625, side view). As the wing flaps upwards (¢/T = 7.875), it interacts with the vortex
loops and a new LEV is formed on the lower side of the wing.

Notably, at the end of the downstroke (¢#/T = 7.625), the deceleration causes tremendous
deformation at the wing tips due to the inertial forces. Such strong end-stop motion triggers
forwards movement in the nearby airflow. Immediately following the end-stop motion, the
upstroke begins. This rapid change in the wing flapping direction forms a lower pressure
region on the wings’ lower surface inducing a forwards and upwards airflow. This induced
flow eventually moves towards the region near antennae. The resultant upwards-going
eddies remain observable in the downwash region at the beginning of the subsequent
downstroke (#/T = 7.125).

In addition to the LEV around the flapping wing, a vortex formation near the antenna is
observed. The coupled wing—body oscillation motion during the flapping cycle potentially
promotes the strength of the vortex formation on the antenna. We visualize the vortex
along the antennae (figure 11a) and compute the absolute non-dimensional circulation
(|I"*|) of the antenna vortex at different time instants. As shown in figure 11(b), the vortex
around the antenna root appears to have the strongest strength, and its strength almost
linearly decreases along the antenna. To explore the development of the antenna vortex,
figure 11(c) shows the time course of the antenna vortex circulation at 20 % antenna length
L, from the base. The circulation of antenna vortex increases during the downstroke and
decreases during the upstroke. This observation indicates that the formation of antennae
vortices is strongly affected by the flapping wing motion. Since the formation of the vortex
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Figure 10. Vortex structure (Q-criterion) coloured by the spanwise vorticity w, at #/T =7.125, 7.375, 7.625 and
7.875. The three columns represent the top view, the side view and the perspective view, respectively. The black
arrows indicate the induced flow direction.

can affect the local flow distribution around the antenna, we suspect such a wing—antenna
interaction potentially impacts the odour perception of insects in an odour-tracking flight.

To evaluate how the vortex formation near the antenna impacts the odour perception
of the butterfly, the odour intensity along the antenna is obtained by solving the
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Figure 11. (a) Contour slicecut of the antenna vortex (AV) at #/T = 7.625, coloured by antennae-wise vorticity;
(b) non-dimensional AV circulation |I"*| along one antenna. (¢) Time history of non-dimensional AV
circulation |I"*| at 20 % [,/L,, the I, is the distance from the slide cut to antenna root and L, is the length
of the antenna. See the supplementary movie 2.

advection-diffusion equation at each time step. During the simulation, eight probes along
the antennae (figure 12a) were set to collect the odour intensity data over eight flapping
cycles. Figure 12(b) shows the time history of the normalized odour intensity according to
the probe locations. At the first flapping cycle, the odour intensity is not stable because the
odour has just been released from the odour source and has not reached the antenna yet.
After approximately two flapping cycles, we observe periodical patterns of odour intensity.
The overall odour intensity trend syncs with the frequency of the flapping wing. The odour
intensity reaches its maximum value during the wing reversals when the wings move
close to the antennae. The minimum value of odour intensity appears near the middle
downstrokes. The changing trend of odour intensity during each flapping cycle is aligned
well with the time history of antenna vortex circulation (figure 11c). The formation of
antenna vortices creates a local whirlpool and serves as an odour sink to draw more
odour-plume particles to its antenna. This observation is similar to the odour mass flux
data reported in a previous fruit fly study (Li ez al. 2018). Unlike fruit flies, butterflies have
horizontal-oriented long antennae. Our results indicate that the odour intensity at different
locations along the antenna presents different variation magnitudes and peak durations.
For instance, the probes near the head (i.e. probes 1-4) show a smaller peak-to-peak
variation of odour intensity but a more extended peak period. The probes near the outer
position of the antenna (i.e. probes 5-8) present larger peak-to-peak variation, but a
shorter peak period. This difference can lead to a spatial variation of odour intensity
along the antennae. As shown in figure 12(c), the spatial distribution of odour intensity
presents a significant gradient along the antenna for both downstroke and upstroke. In
conjunction with figure 11(b), we can see that the changing trend of odour intensity along
the antenna is similar to the antenna vortex circulation (highest at the base and gradually
decreasing to the antenna tip). For navigating an odour landscape in nature, one of the
most significant challenges is to determine the distance and orientation towards the odour
source. To perceive the precise location of the odour source, insects must integrate odour
information across both space and time (Pannunzi & Nowotny 2019). The authors suspect
that the odour intensity gradient along the antenna can enhance the capability of flying
butterflies to determine the direction of the odour source and potentially contribute to the
stereo-olfaction of insects in odour-guided navigation.
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Figure 12. (a) Probe locations for measuring the odour intensity. (») Odour intensity distribution along the
antenna at selected instants, #/T = 7.0, 7.25, 7.5 and 7.75. (c¢) Time history of normalized odour intensity (C/Co)
at the corresponding probes.

To examine the odour concentration field, we visualized odour plume structures
coloured by the normalized odour intensity (C/Cp) (figure 13). In our simulation set-up, a
uniform odour was released upstream in the numerical wind tunnel. As the odourant-laden
airflow passes through the butterfly, the flapping wings create a strong wing-induced
flow and push the odour upwards. This phenomenon corresponds to the observation
(figure 10) that the flapping motion directs the flow towards the region near the antennae.
Consequently, this induced flow enhances odour sensory perception by extending the
odour sampling range in the vertical direction.

Figure 14 shows the surface distribution of cycle-averaged odour intensity on both the
dorsal and ventral sides. The cycle-averaged odour intensity is projected onto a template
model featuring planar wings. Our findings reveal that a significant concentration of odour
accumulates around the antenna root and the head during forwards flight. This suggests
that the antennae are strategically positioned to receive odour stimuli while minimizing
air disturbance compared with other locations along the body. In addition to the body, the
top surface of the hindwing comes into contact with more odourants than other parts of
the wings. This finding suggests the feasibility of incorporating odour sensors on the top
of the hindwing for manmade designs such as micro aerial vehicles (MAVs) if required.
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Figure 13. Contour of odour intensity C/Co at /T =7.125, 7.375, 7.625 and 7.875. The three columns represent
the top view, the side view and the perspective view, respectively. For the top view, the contour slice is cut at
the middle bottom plane to demonstrate the odour concentration in the far field. For the side view, the slice
is cut laterally in the middle. For perspective view, two additional slices are cut near the wing root. See the
supplementary movie 3.

3.2. Effects of wing-induced flow on olfaction

To evaluate how the wing-induced flow impacts the odourant transportation, we simulated
a body-only case for comparison. The body-only case is modified from the baseline case
by removing the flapping wings while maintaining all other settings the same. Figure 15
shows the comparison of the instantaneous lift and drag forces between the baseline
case and the body-only case. Due to the wing—body interaction, the cycle-averaged lift

coefficient C;, generated by the body is increased from 1.07 (body only) to 8.35 (baseline).
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Top view

Figure 14. Distribution of the cycle averaged odour intensity C/Cy on the surface of the wings and the body.
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Figure 15. Time history of the () lift coefficient Cy, and (b) drag coefficient Cp of the body in the baseline
and body-only case.

Meanwhile, the cycle-averaged drag coefficient Cp is also increased from 0.10 (body only)
to 0.29 (baseline).

In addition to the influence on the overall aerodynamic forces, the wing-induced
flow is expected to have an impact on the odourant transport around antennae, and
thus affect the olfactory function. We first compare the formation of antennae vortices
between the baseline case and the body-only case at an instant during the wing reversal
(figure 16a,b). Based on the contours, the antennae vortices are significantly enhanced by
the flapping-wing motion. From figure 16(c), we can see that the antenna vortex circulation
of the baseline model is greater than that of the body-only model along the antenna.
The wing-induced flow enhanced the average antenna vortex circulation by 2.78 times
compared with the body-only case. In addition, the wing—antenna interaction also creates
a spatial variation of antenna vortex circulation along the antenna. Without the flapping
wings, the circulation values remain relatively constant along the antenna. Moreover, we
calculated the time history of circulation at [,/L, =0.2 in figure 16(d), and we found that
the wing-induced flow makes the antenna vortex circulation vary along the time course.
Due to the body oscillation motion, the antenna vortex circulation of the body-only model
also presents slight temporal variation during the flapping cycle, but its peak value is
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Figure 16. Contour slicecut of the antenna vortex (AV) at #/T =7.625, coloured by antennae-wise vorticity:
(a) baseline case and (b) body-only case; (¢) non-dimensional AV circulation |I"*| along the antenna. (d) Time
history of non-dimensional AV circulation |I"*| at 20 % [,/L,.

much lower than the baseline case. By comparing the antenna vortex circulation between
the two cases, the first peak of antenna vortex circulation for the baseline case (red curve)
is due to the body pitching motion, while the second peak (primary peak) is due to the
wing-induced flow. For the whole cycle, the cycle-averaged antenna vortex circulation
|I"*| of the body-only case is only 43 % of the baseline case.

The effect of wing-induced flow on antenna vortex can affect the odour intensity along
the antennae. Figure 17 compares the odour intensity (C/Cp) between the baseline case
and the body-only case. In the body-only case, the temporal fluctuations of odour intensity
along the antennae are less pronounced compared with the baseline case. Except for
probe 1, the odour intensity at all other probes in the baseline case fluctuates significantly
more than in the body-only case. To quantify this fluctuation, we calculate the odour
gradient (VC/Cp) by dividing the change of C/Cy between two adjacent probes by their
distance along the antenna (figure 18a). Since the odour gradients vary with time, we then
calculate the odour gradient along 13 evenly distributed time instants. In figure 18(), we
plot the odour gradient overtime at four probe locations. The gradient of the body-only
model remains nearly zero while the baseline model has a much larger variation during
the flapping cycle. Previous experimental studies indicated insects show a better response
rate to pulsatile odour stimuli than uniformly distributed odours (Daly et al. 2013). The
tiny temporal variation of odour intensity for the body-only model (figure 18b) may
make the nervous system of the butterfly less sensitive to the odour information, which
can potentially cause olfactory adaptation (or sensory fatigue). From our results, the
wing-induced flow can amplify the temporal variation of the odour intensity in flight,
which will increase the firing rate of the chemoreceptors on antennae and potentially
prevent the olfactory adaptation.

Figure 19 compares the odour intensity contour between the baseline case and
the body-only case. In the body-only case, without the wing-induced flow, the
upstream-released odour may not reach the butterfly’s antennae. However, in the baseline
case, the wing-induced flow pushes the odour plume upwards, ensuring better coverage
of the odour plume over the antennae compared with the body-only case. This improved
coverage may increase the overall intensity of the odour concentration on the antennae.
Just as shown in figure 17, under the current simulation set-up, the wing-induced flow can
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Figure 17. (a,b) Probe locations for measuring the odour intensity. (¢) Comparison of odour intensity C/Co
between the baseline case (with flapping wings) and the body-only case (without flapping wings) at probe
locations 1, 3, 6, 8.

enhance the cycle-averaged odour intensity by up to 14.29 times. This largest difference
between the two cases occurs at the antennae root. In the baseline case, the root immerses
at the plume centre where the odour intensity is the highest, causing a significant difference
compared with the body-only case, where the antennae root misses the odour plume. Thus,
these observations suggest that the wing-induced flow can provide the butterfly with a
better odour-sampling ability.

The distribution of the cycle-averaged odour intensity shows how the body contacts
the odourants (figure 20). In the body-only case, the most intense odour is distributed
on the abdomen which is significantly different from what we observed in the baseline
case. This observation proves our hypothesis that the wing-induced flow can enhance the
olfactory function of flying insects. The antenna of the butterfly has a lateral pointing pair
of antennae which can help the lateral odour sampling.

Despite the results, some limitations must be acknowledged. Our observations regarding
the enhancement of peak or cycle-averaged odour intensity through wing-induced flow are
derived from a simulation set-up with a fixed odour source location, which is slightly lower
than the butterfly. In this set-up, the wing-induced flow exhibits an exceptional ability to
draw the odour plume upwards, thereby improving odour sampling. We observed enhanced
peak or cycle-averaged odour intensity, but this enhanced peak odour intensity may simply
be a byproduct of this improved odour sampling. Thus, if the wing-induced flow fails to
direct the odour plume through the antennae, such as when the odour source is positioned
much lower or upper than our set-up, the peak odour intensity would not be amplified.
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Figure 18. (a) Definition of the odour gradient VC/Cy along the antenna at a selected instant. (b) Comparison
of the time history of the odour gradient between the baseline case (with flapping wings, solid symbol) and the
body-only case (without flapping wings, empty symbol) at probe locations 1, 3, 6, 8 as labelled in figure 17.
The data are fitted using a six-term polynomial trendline.

(a) (b)

Figure 19. The lateral-centre contour of odour intensity C/Cy for (a) the baseline case and (c) the body-only
case at t/T =7.625.

Therefore, our observation of the enhancement of overall odour intensity may not apply to
all other scenarios.

3.3. Effects of inter-antennal angle

Observations show that antennal movements are an important part of the active odour
sensing of insects (Claverie et al. 2022). These movements are made possible by muscles
near the antenna joints, allowing insects to adjust their antennae to optimize odour stimuli.
For example, a butterfly may oscillate its antennae while perched on a flower (Scott 1986).
Such oscillations help the butterfly improve odour stimuli because it is immersed in a
strong odour field which can cause odour sensory fatigue. However, in a forwards flight,
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Baseline model Body-only model

Figure 20. Distribution of the cycle-averaged odour intensity C/Cy for the baseline case (left) and the
body-only case (right).

Tip

Center of roots

Figure 21. Definition of inter-antennal angle . The angle is measured by connecting two antenna tips and
the centre of two antenna root joints.

the antennae of the butterfly remain fixed to the head based on our observation and other
studies (Krishnan et al. 2012). Although antennae positions are fixed, we observed that
each butterfly maintains distinct antenna positions, which may affect the performance
of aerodynamics or odour sensory abilities. To investigate the impacts of inter-antennal
positions, this section compared the baseline model with those with different antennae
positions under the same flow conditions. The distinct distance among these cases could
give deeper insight into the wing—antennae interaction mechanism. The inter-antennal
angle (o) between antennae is defined in figure 21. We hypothesize that different o values
can affect the butterfly’s horizontal odour sampling range and the odour intensity along the
antennae. In this section, we present the results of simulations for four additional values
of o (130°, 105°, 55° and 30°) under the same flow conditions as the baseline case, which
corresponds to an inter-antennal angle of 80° (baseline case).

To evaluate the impact of inter-antennal angle on the wing—antenna interaction, figure 22
compares the formation of antennae vortices when the odour intensity reaches its peak for
each case (#/T =7.625). At o = 130°, the antennae vortices are uniformly developed along
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Figure 22. Contour of slice cuts of AVs (coloured by antennae-wise vorticity) at #/T = 7.625 for o = (a) 130°,
(b) 105°, (c) 80°, (d) 55° and (e) 30°.

AV circulation | I"*|

Figure 23. Antenna vortex circulation along one antenna at #/7' = 7.625 for o« = 130°, 105°, 80°, 55° and 30°.

the antenna from root to tip. As the inter-antennal angle gradually decreases to 30°, the
antennae vortices are still strong near the antenna root, while its strength significantly
decreases close to the antenna tip since it has the largest distance from the flapping wings.
Figure 23 demonstrates the variation of antenna vortex circulations along the antenna for
each case. In general, antenna vortex circulation decreases along the antenna from root
to tip. Notably, when « is 130°, the antennae vortices near antennae tips are unusually
strong, likely due to the entangling of antennae vortices and leading-edge vortices in the
presence of the flapping wing. As the inter-antennal angle o decreases from 130° to 30°,
the distance between flapping wings and antennae is enlarged. As a consequence, the
circulation of antennae vortices also decreases. However, the enhanced antennae vortices
for larger inter-antennal angle cases (130° and 105°) present smaller gradients along the
antennae. The cases with smaller inter-antennal angles (55° and 30°), however, have larger
variations from antenna root to tip. This result suggests that smaller o values can provide
a larger circulation gradient along the antennae.

Moreover, given the demonstrated amplification effects of wing-induced flow on odour
intensity, we hypothesize that the effects of o on the wing-induced circulation of antenna
vortex could also influence the odour intensity distribution on the antennae. In figure 24(c),
we present the time history of odour intensity (C/Cp) at probe locations labelled in
figure 24(a). As o decreases, the variation amplitude of the curve increases, with peak
odour intensity decreasing closer to the tip and valley odour intensity increasing closer to
the root. This result suggests that smaller o values can provide a larger odour intensity
varying rate that is caused by wing motions, potentially increasing the sensitivity of
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Figure 24. (a) Probe locations for measuring the odour intensity. (b) Illustration of five inter-antennal angles.
(c¢) Time history of normalized odour intensity C/Cq for o = 130°, 105°, 80°, 55° and 30°.

odour tracking by avoiding the odour sensory fatigue. For example, at o =130°, the
difference between the highest and the lowest values of red curve during the periodical
stage (figure 24c), at probe location 1, is less than 0.1. For the same probe location, the
peak-to-peak value for the o = 30° case is approximately 0.4.

Despite the odour sensory benefits of smaller o values, extremely narrow inter-antennal
angles are not commonly observed in natural butterflies. One explanation for this could be
that the inter-antennal angle of the antennae is related to the horizontal odour sampling
range. To investigate this hypothesis, we calculated the effective sampling range by tracing
back the trajectories of the collected odour particles to the odour source, where the
collected particles are defined as those that successfully reach the antennae. Figure 25
illustrates this process, and the resulting odour sampling range maps for five different
values of « ranging from 130° to 30° are shown in figure 26. As expected, smaller o
values yield a more restricted horizontal range of odour sampling. By comparing the odour
sampling range of butterfly antennae at different inter-antennal angles, we suspect that the
inter-antennal angle is not arbitrary during flight. Instead, it appears to be within a specific
range that represents a trade-off between preventing sensory fatigue and odour sampling
range.

3.4. Effects of wing flexibility

Wing flexibility is another key factor affecting unsteady airflow field and associated
odourant distribution. Many studies have indicated that flexible wings can achieve better
aerodynamic performance than rigid wings (Zheng et al. 2013; Johansson & Henningsson
2021), but it is unclear how wing flexibility impacts the odour-tracking ability of insects.
As described in § 2.2, we created rigid wings planforms based on the baseline wings.
In figure 27(a,b), we first compare the instantaneous lift and drag coefficient between
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Figure 25. Trajectory of the collected particles following the streamlines from antennae to the odour source.
The red contour represents a surface slice cut on YZ plane near the odour source.
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Figure 26. Odour sampling range maps with varying inter-antennal angles for & = (a) 130°, (b) 105°, (c) 80°,
(d) 55° and (e) 30°.
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Figure 27. Time history of (a) lift coefficient Cy, (b) drag coefficient Cp and (c¢) power coefficient C%;jm ech

of wings in the baseline and rigid-wing case.

the baseline case and the rigid wing. The cycle-averaged lift coefficient C; of the rigid
wing (6.47) is 7.5 % larger than that of the baseline wing (6.02). The cycle-averaged drag
coefficient Cp is increased from —4.63 x 10~* (baseline) to 1.00 (rigid wing).
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Case CL Cgv?mech CL/ ng/o mech
Baseline 6.02 26.85 0.22

Rigid-wing (percentage change) 6.47 (+7.48 %) 32.83 (+22.37%) 0.20 (—9.09 %)

Table 3. Aerodynamics performance comparison of the baseline case with the rigid-wing case.
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Figure 28. (a) Wing surface distribution of cycle-averaged lift coefficient Cr, and aerodynamic power
coefficient (Cpy,gero) in the rigid w1ng case. (b) Difference of cycle-averaged lift coefficient (ACr) and
aerodynamic power coefficient (ACI,W,QW) between the rigid wing case and the baseline case. In (b), the
red colour regions indicate the value of rigid wing is higher than the baseline case.

The mechanical power coefficient of the rigid wing is calculated by (2.11) which does
not consider elastic energy stora%e Figure 27(c) shows the time history of these two
mechanical power coefficients C ow.mech of the baseline case and the rigid-wing case.
As summarized in table 3, the r1g1d wing model exhibits a power consumption of 32.83

(Cgf’m ocp) Tepresenting a 22.37 % increase compared with the baseline model. However,

the lift-to-power ratio of the rigid wing is 9.09 % lower than that in the baseline case.

Although flexible wings generate less lift than rigid wings, the overall power efficiency
for lift generation is significantly higher due to the high power consumption. This finding
aligns with a previous butterfly study, which reported that three rigid-wing cases exhibited
30 % to 50 % less lift-to-power ratio than the flexible-wing case (Zheng et al. 2013). It is
worth noting that the reduction observed by Zheng et al. is greater than our result, likely
attributed to differences in modelling rigid wings. In their model, rigid wings generate
less lift than flexible wings while consuming a similar amount of power as in our model.
Consequently, the combination of reduced lift and equal power consumption results in an
even larger lift-to-power ratio.

Figure 28(a) presents the cycle-averaged lift and aerodynamic power coefficient
distributions of the rigid wing. Compared with the flexible wing model (baseline case
in figure 9), the rigid wing model shows a more extensive lift contour region near the
wing leading-edge and a larger aerodynamic power contour region near the wingtip. The
difference of the lift generation and aerodynamic power consumptions between the rigid
wing and flexible wing is shown in figure 28(b). In general, the rigid wing generates
less lift near the wingtip region along the leading-edge, while gains more lift close to
the trailing-edge portion of the forewing. Due to the modification of the hindwing wing
pitch angles when the rigid wing model is created, the hindwing of the rigid wing model
generates more lift than the baseline model. As expected, the tip region of the rigid wing
model consumes a significant amount more of aerodynamic power than the flexible wing.
Because the tip region of the butterfly wing presents more deformation during flapping, it
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Figure 29. Comparison of time history of normalized odour intensity between the baseline and rigid wing
case at probe locations 1, 3, 6, 8 as labelled in figure 12.

Figure 30. The lateral-centre contour of normalized odour intensity for (a) the baseline and (b) the rigid
wing case.

prevents the formation of a strong tip vortex. It thus reduces power consumption and leads
to a better power efficiency for flexible wings (baseline case).

The effects of wing flexibility on olfactory function are also evaluated by comparing
the odour intensity on antennae (figure 29). We collected the data at the probes along
the antennae in the same manner as the baseline case. From the time history of the
odour intensity at all four probe locations, the amplitude of the baseline case is larger
than the rigid wing case. The flexible wings create a higher peak to peak value of odour
intensity than the rigid wings by up to 24 %. Experimental studies have shown that many
insects respond better to pulsatile odour stimuli (Baker et al. 1985; Daly et al. 2013). The
higher variation magnitude of odour intensity caused by the flexible wings thus potentially
increases the chance of detecting the odour source in flight. The odour plume structure is
visualized in figure 30 and coloured by the normalized odour intensity C/Cy. Both the
baseline case and rigid wing case can push the incoming odour stream upwards. Despite
the local odour intensity difference near the antennae, the overall odour concentration
fields are roughly identical except for the far field.
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Figure 31. Time history of (a) lift coefficient C;, and (b) drag coefficient Cp on the wing between baseline
case and fixed thorax cases. (¢) Time history of mechanical power coefficient C 117302”( o, Which has 100 % elastic
storage. (d) Time history of mechanical power coefficient Cngm e, Which has 0 % elastic storage. The actual

mechanical power lies in between the two curves. The grey-shaded area represents the downstroke period.

3.5. Effects of thorax pitching

To examine the effects of body oscillation, we operated additional fixed-thorax cases for
the models with fixed thorax pitch angles 6;. Figure 5(b) shows that the butterfly thorax
pitch dynamically from 27.32° to 60.82° during each flapping cycle. In this section, we run
four additional simulations with constant 6, of 30°, 40°, 50° and 60° while maintaining
all other settings the same as the baseline case. Since the wings are attached to the thorax,
the simulations with a fixed thorax pitch angle will also eliminate the stroke plan variation
during the flapping cycle. In addition, the motion of the antennae will also be removed
because it stays rigidly attached to the head. However, the abdomen is still undulating with
the same kinematics during the flight to avoid introducing other influence factors on the
unsteady flow field.

Figures 31(a) and 31(b) show the time history of the drag and lift. For the fixed thorax
angles of the 50° and 60° cases, lift forces are positive throughout the entire flapping cycle.
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Case Cr Cp Cpl(v)vo,l:fech CL/ C]l)(v)t(,):fenh [(7):(?mech CL/ Cgvi%mech

Baseline 6.02 0.00034 17.09 0.3521 26.85 0.2241

30° 5.25 —1.60 19.35 0.2715 29.96 0.1753
(—12.70 %) (+1323%)  (=22.90%)  (+11.60%)  (—21.77%)

40° 5.98 —0.50 20.86 0.2865 31.47 0.1899
(—0.69 %) (+22.05%)  (—18.64%)  (+17.22%)  (—15.28%)

50° 6.34 0.26 23.09 0.2747 33.70 0.1882
(+5.43 %) (+35.11%)  (=21.97%)  (+25.53%)  (—16.01%)

60° 6.71 1.20 47.02 0.2672 35.74 0.1879
(+11.58 %) (+47.22%)  (=24.11%)  (+33.11%)  (=25.70%)

Table 4. Aerodynamics performance comparison among the baseline case and fixed-thorax cases.

However, these models cannot produce sufficient thrust to overcome the fluid drag along
the horizontal direction. The cases with fixed thorax angles of 30° and 40° cases can
generate thrust to achieve a forwards flight, but they cannot generate sufficient lift force in
the vertical direction to balance its body weight.

Figures 31(c) and 31(d) compares the mechanical power of the stationary thorax cases
with the baseline case. By comparing the negative mechanical power between baseline
case and other cases, we found that the thorax pitching motion only saves a small amount of
power in the form of energy storage. The majority contribution of the energy storage is due
to elastic deformation. The cycle-averaged mechanical power coefficient and lift-to-power
ratio are summarized in table 4, where the percentages represent the increment or reduction
with respect to the baseline case. Our simulation results indicate that, with the same
flapping kinematics, the dynamic thorax pitching motion can improve power efficiency
by 10 % to 50 % compared with the case with a stationary thorax pitch angle.

To address the effects of thorax pitching on the odour sensory of the antennae, we
compare the odour intensity of the cases with fixed thorax angles with the baseline case.
Since the overall variation trend of odour intensity at each probe location is similar, only
the odour intensity of probe 8 is selected to plot in figure 32. Comparing with the baseline
case, the curves of the four stationary thorax cases have smaller amplitudes. As a result,
the baseline case exhibits a steeper slope increase in odour intensity over time compared
with all stationary thorax cases. Thus, the odour intensity slope of the baseline case is
steeper than all stationary thorax cases. Such higher slopes represent faster varying rate
of the odour intensity on the antennae, which could potentially prevent the potential of
olfactory adaptation. We speculate that the thorax motion during the surging upwind flight
may achieve a similar function as the antennal oscillation when the insects land on the
odour source. Previous experimental observations have illustrated that insects oscillate
antennae frequently, even when not in flight. A study of bumble bees found that such
antennal scanning movements are actively involved in odour sensory, and the antennal
oscillating can increase the odour sampling rate by up to 200 % (Claverie et al. 2022). In
butterfly flight, the thorax oscillation can cause the oscillating movement of the antennae.
Such a motion can amplify the odour intensity along the antennae and thus potentially
benefit odour detection in flight.

Figure 33 compares the odour concentration field between butterfly models with
different fixed thorax pitching angles. Due to the body posture at different thorax pitching
angles, the overall odour concentration distributions are very different in both near
and far fields. In conjunction with figure 13, the dynamic thorax pitching motion can
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Figure 32. Time history of normalized odour intensity of the baseline case and the fixed-thorax cases at
probe 8.

potentially increase the odour sampling range and create pulsatile odour stimuli near its
antennae.

3.6. Antenna vortex formation and odour perception in gliding flight

Previously, our comparison between the baseline case and the body-only case revealed that
the flapping wing creates an odour gradient along the antennae and temporal variations in
odour intensity. Although the body-only case comparison helps isolate the wing’s effects,
the mere presence of the wing may still influence the outcomes. To bolster the robustness
of our observations and conclusions, we expanded our investigation to include a gliding
flight case, considering that butterflies are adept gliders (Shyy et al. 2007; Park ez al. 2010;
Gibo & Pallett 1979).

In this section, the model in the gliding case remains stationary, extracted from the
baseline model at #/7 =0.45. By the 8th cycle, the gliding case reaches a steady state,
with a lift coefficient on one wing of 0.90, accounting for 14.95 % of the baseline case.
The drag coefficient on one wing is 0.66, indicating a lift-to-drag ratio of 1.36, which is
within a reasonable range compared with that reported in another study of the swallowtail
butterfly (Park et al. 2010). The aerodynamic power coefficient is 0.39, representing 1.35 %
of the baseline case. In addition, the total lift that is generated by the whole butterfly
is 0.93 mN, which supports 16.04 % of the total weight, 5.83 mN. This low weight
supporting performance is due to the insufficient flight speed. Since this gliding model
is used to investigate if the mere presence of the wing influences the odour perception, we
intentionally keep the flight speed the same as the baseline case.

Figures 34(a) and 34(b) compare the antenna vortices distribution along antennae
between the baseline case and the gliding flight case, while figure 34(c) compares the
circulation between two cases. The baseline case exhibits a larger magnitude of circulation
compared with the gliding case; importantly, the distribution of circulation along the
antennae remains relatively constant. Analysing the temporal variation in figure 34(d),
the gliding case shows constant circulation at 20 % [,/L, over time indicating a steady
state.

Figure 35 presents a comparison of the time history of odour intensity at four probes
specifically employed for the body-only comparison. As the simulation achieves a steady
state by the 8th cycle, the odour intensity in the gliding flight case inevitably remains
constant. Notably, it is important to highlight that proximity to the head corresponds to
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Figure 33. The lateral-centre contour of normalized odour intensity C/Cy for fixed-thorax cases as
0 =(a) 30°, (b) 40°, (c) 50° and (d) 60°.
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Figure 34. Contour slicecut of the antenna vortex (AV) at #/T =7.45, coloured by antennae-wise vorticity:
(a) baseline case and (b) gliding flight case; (¢) non-dimensional AV circulation |I"*| along the antenna. (d)
Time history of non-dimensional AV circulation |I"*| at 20 % I,/L,.
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Figure 35. Comparison of C/Cy time history between the baseline and gliding flight case at probe locations
1,3,6,8.

Figure 36. Lateral-centre contour of normalized odour intensity for (a) the baseline and (b) the gliding
flight case.

stronger odour intensity, while closer proximity to the antennae tip results in lower odour
intensity. This discrepancy may arise from the smaller sampling range in the gliding flight
case compared with the baseline case. The gliding flight case exhibits a reduced vertical
sampling range due to the fixed thorax pitching angle, preventing the upwards induction
of the odour plume. This observation is further illustrated in figure 36(b), where the odour
plume, upon reaching the butterfly, ceases to be induced upwards, unlike in the baseline
case where flapping wings can propel the odourant in an upwards direction.

3.7. Wing—antenna interaction: mechanism of odour fatigue resistance

Flapping wings, a defining trait of flying insects, have received significant interest
among scientists for their potential advantages over conventional propulsion methods,
especially at low Reynolds numbers. This curiosity has led to a comprehensive exploration
and identification of multiple performance-enhancing mechanisms within the scientific
literature. Key among these is the fundamental mechanism of insect flight, which
includes phenomena such as delayed stall, wake capture and rotational circulation
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Mechanism Studies Performance enhancement
Wing-wing Cheng & Sun * The cycle-averaged lift experiences a 12 % enhancement without
interaction (2017) any loss in efficiency.
(clap-and-fling) Lehmann et al. * The total lift production of Drosophila has increased by up to 17 %.
(2005)
Wing—wake Lehmann (2009)  * The wing—wake interaction decreases power expenditure by
interaction harvesting the energy shed in the wake.
Sane (2003) » The capture of the wake that generated in last flapping period help
stop the wings at stroke reversal.
Wing flexibility Nakata & Liu * Wing deformation increases the cycle-averaged vertical force by
(2012) 20 %.
Young et al. * Wings lacking both camber and twist exhibit a 12 % and 35 %
(2009) decrease in lift power economy compared with those equipped
with both features.
Wing-body Liu, Dong & Li * The interactions between the wings and body of cicadas enhance
interaction (2016) total lift production by up to 12 %.
Xue, Cai & Liu * The body vortices generated through the wing—body interaction of
(2022) the hawk moth can increase lift by 10 %.
Wing—antenna Liet al. (20200)  « There exists a trade-off between aerodynamic performance and
interaction olfactory capability in the flapping flight of Drosophila.
Current study » Flapping wings of butterflies can significantly enhance odour

intensity fluctuation around their antennae, which aids in
preventing odour fatigue.

Table 5. Performance enhancement mechanisms in insect flight.

(Dickinson, Lehmann & Sane 1999). Such mechanisms have been pivotal in advancing
our understanding of unsteady aerodynamics and lift generation in these creatures. Further,
the literature meticulously documents the enhancements attributed to various interactive
mechanisms, as summarized in table 5. These mechanisms encompass interactions
between wings, as well as between wings and wakes, the effects of wing flexibility, and the
dynamics between wings and the insect body. The primary focus of these studies has been
to understand how these interactions contribute to aerodynamic performance, particularly
in terms of lift generation and power efficiency.

Building upon this foundation, our current research has uncovered a novel interactive
mechanism that links the flapping motion of wings with the function of antennae, thereby
augmenting odour perception. This interaction significantly contributes to preventing
odour fatigue and expanding the range of odour sampling during odour-guided flapping
flight. This discovery not only enriches our comprehension of insect flight dynamics
but also opens new avenues for understanding how flying insects interact with their
environment through enhanced olfactory detection.

Our observations indicate that the wing flapping motion generates beneficial
disturbances in the incoming flow, redirecting the odour plume towards the antennae and
inducing fluctuations in odour intensity over the antennae. This phenomenon is caused by
the wing—antennae interaction, where flapping wing motion produces pulsatile-induced
flow directed towards the antennae. Meanwhile, the circulation of antenna vortex flatulates
due to the pulsatile induced flow, resulting in fluctuations in odour intensity near the
antennae. In our numerical simulations of free flying butterfly, the amplitude of odour
intensity fluctuation (peak-to-valley of C/Cp) reaches up to 0.84 at antenna tip (probe 8),
whereas it diminishes to 0.1 without the assistance of flapping wing motion, indicating
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an approximately 8.4 times enhancement in odour fluctuation. At this probe location, the
contribution of the wing—antenna interaction to the odour fatigue resistance is 88.10 %.
While the magnitude of this enhancement varies depending on the location of the
measurement over the antennae, it is consistently present along the antennae, with the
highest enhancement observed at the antennae tip. The odour fatigue resistance of insects
relies on these fluctuations that are generated by the wing—antennae interaction.

The strength of odour fatigue resistance can be adjusted for the different flight purposes
by modifying the inter-antennal angle. A larger inter-antennal angle weakens the wing
effect on odour fluctuation but provides a larger odour sampling range. In contrast, a lower
inter-antennal angle results in stronger fluctuations induced by wing motion but restricts
the odour sampling range. The trade-offs between odour fatigue resistance and odour
sampling enable butterflies to have a broader sampling range when farther from the odour
source and better odour fatigue resistance when closer to the target. For example, as insects
approach the target, where they need both visual and olfactory cues (Saxena, Natesan
& Sane 2018), overcoming odour fatigue due to the strong odour concentration field
becomes important. Hence, at close range to the odour source, a smaller inter-antennal
angle is preferable for enhanced odour fatigue resistance. In contrast, at farther distances
from the odour source, a larger inter-antennal angle is advantageous due to the need for
broader sampling range. The lager inter-antennal angle trades odour fatigue resistance for
a broader odour sampling range. These results indicate the possibility that, by changing
the inter-antennal angle, insects can balance the odour sampling range and odour fatigue
resistance, which can also provide insights for the bio-inspired MAV designs.

In terms of the effect of thorax pitching motion and wing flexibility, they contribute
to the generation of odour intensity fluctuation over antennae. However, their effects are
limited comparing with the effects of wing-antenna interaction. The amplitude of odour
intensity fluctuation in the rigid-wing case is up to 0.75 at probe 8, which is 89.29 % of
the baseline case, indicating that the wing flexibility contributes only up to 10.71 % to the
generation of the fluctuation. When comparing our simulated fixed-thorax cases with the
baseline case at probe 8, thorax pitching motion contributes from 2.8 % to 22.56 % to the
odour intensity fluctuation. In contrast to the contribution of wing—antenna interaction,
which is 88.10 %, the contribution of wing flexibility and thorax-pitching motion to the
odour fatigue resistance is relatively low. The percentages reported represent the relative
contributions of wing flexibility and thorax pitching motion to odour intensity fluctuation
at the peak value of each case. It is important to note that these peak-to-valley values may
occur at different phases across the cases, preventing them from being summed to 100 %.
Thus, they should be interpreted independently as relative measures of contribution.

While our findings contribute insights into the butterfly’s ability to prevent odour fatigue
through wing—antenna interaction, it is important to acknowledge several limitations that
may affect the interpretation of the results. The simulations were based on a fixed odour
source location slightly below the butterfly. In nature, depending on the odour-tracking
mode of the butterfly, it may fly above or below the odour source. Therefore, the strength
of the wing-induced effect on odour fluctuation may vary with the relative position
between the butterfly and the odour source. Additionally, the location of the odour source
can also influence the butterfly’s flight behaviour. For instance, when the antennae are
outside the odour plume, the butterfly may switch from an upwind surging flight to
another odour-tracking flight mode, such as zigzagging flight, which may involve wing
and body kinematics different from those studied here. In such cases, the enhancement of
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odour sampling range becomes more important than preventing odour fatigue, a factor not
supported by our reported data and beyond the scope of our current study. The complexity
introduced by the variability in odour source location suggests several avenues for future
research. Future studies could explore how varying odour source positions affect the
butterfly’s ability to prevent odour fatigue and how this variability may influence the
butterfly’s odour-tracking behaviour.

4. Conclusions

In this study, we conducted numerical simulations to investigate the unsteady
aerodynamics and olfactory performance of a monarch butterfly during an upwind surge
flight, using an in-house CFD solver. Our results reveal that the interaction between wing
flapping motion and antennae generates significant fluctuations in odour intensity along
the antennae. Specifically, under our simulation set-up, the amplitude of these fluctuations
is enhanced by up to 8.4 times due to wing—antenna interaction. While other flight
features, such as wing flexibility and thorax pitching, also contribute to odour fluctuation,
their impact is considerably less pronounced compared with the dominant influence of
the wing—antenna interaction. We found that the wing-induced flow resulting from the
wing—antenna interaction accounts for up to 88.10 % of the odour fluctuation, making it
the primary contributor. This fluctuation plays a crucial role in preventing insects from
experiencing odour fatigue, particularly in highly concentrated odour fields. Furthermore,
our study highlights the trade-off between odour fatigue resistance and odour sampling
range, with smaller inter-antennal angles prioritizing odour fatigue resistance and larger
angles sacrificing resistance for broader sampling range. These findings provide valuable
insights into the adaptive strategies of flying insects and have potential applications for
bio-inspired designs like odour detection MAVs.

Supplemental movies. Supplementary movies are available at https://doi.org/10.1017/jfm.2024.644.
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