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INTRODUCTION

One feature of animal wings is their embedded mechanosensory system that can
support flight control. Insect wings are particularly interesting as they are highly
deformable yet the actuation is limited to the wing base. It is established that strain
sensors on insect wings can directly mediate reflexive control; however, little is known
about airflow sensing by insect wings. What information can flow sensors capture and
how can flow sensing benefit flight control? Here, we use the dragonfly (Sympetrum
striolatum) as a model to explore the function of wing sensory bristles in the con-
text of flight control. Combining our detailed anatomical reconstructions of both the
sensor microstructures and wing architecture, we used computational fluid dynamics
simulations to ask the following questions. (1) Are there strategic locations on wings
that sample flow for estimating aerodynamically relevant parameters such as the local
effective angle of attack? (2) Is the sensory bristle distribution on dragonfly wings opti-
mal for flow sensing? (3) What is the aerodynamic effect of microstructures found near
the sensory bristles on dragonfly wings? We discuss the benefits of flow sensing for

flexible wings and how the evolved sensor placement affects information encoding.
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to produce an impressive variety of flight maneuvers. Dragonflies can

accelerate rapidly in any direction as well as hover.1%-13 Furthermore,

Insect wings can be multifunctional, from being a protective
shell to an acoustic instrument,’? and from a visual display to a
thermoregulator.3~> However, their primary function for flying insects
is to produce controlled lift to sustain flight. Just like the wings of
vertebrate fliers,®” insect wings are innervated with a network of
neurons that form the wing sensory system.® What is the role of the
wing sensory system in the context of flight control? Unlike the wings
of vertebrates, insect wings can only be actuated and controlled at
the wing base.? This is a great example of an underactuated system
in which the degrees of freedom exceed the number of actuators.
Despite the lack of actuators on the wings, many insects are still able

they perform gliding flight as part of their routine flight repertoire in
their natural habitat.114

Each flight mode comes with different aerodynamic challenges that
need to be continuously monitored with high temporal resolution to
maintain stable flight. Specifically, the formation and control of the
leading-edge vortex has been discussed extensively in the literature, as
it can enhance lift by delaying stall.»>1¢ In flapping flight, the leading-
edge vortex has been identified as a key aerodynamic mechanism that
enables the operation of the wing at high angles of attack, during
which large lift coefficients can be achieved.!” During gliding flight, the
highly corrugated wings also exhibit regions of recirculation within the
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corrugation valleys.8-21 These slowly rotating trapped vortices form
due to flow separation at the sharp vein peaks and reattach at the
neighboring downstream vein.?? Depending on the wing’s angle of
attack (AoA), the valley vortex system sits within flow separatrices and
forms an aerodynamic envelope that more closely resembles the chord
profile of a conventional airfoil.?2 The aerodynamic advantage of this
arrangement, if any, in terms of lift production and drag reduction is
still a source of controversy.1¢:1822-26 Regardless of the verdict, the
macrostructure of highly corrugated wings unequivocally impacts the
wing’s performance.?’”28 During both flapping and gliding flight, insect
wings constantly deform as the lightweight wing architecture experi-
ences inertial forces from flapping and aerodynamic forces from the
surrounding air.2?-31 This aeroelasticity is an additional factor that fur-
ther suggests the need of a robust wing sensory system to monitor
relevant flight and wing parameters.

While all insect wings possess sensors, dragonfly wings are arguably
the most sensorized that have been studied to date.®32 The hundreds
of sensors on the wing are a physiological investment for the insect as
they must be supplied with hemolymph.3334 They can be categorized
roughly into three classes: strain sensors, flow sensors, and others. Pre-
vious work oninsect wing sensory systems has mostly focused on strain
sensors3>~37 and others.38:3? In hawkmoths, for example, forcing wing
deformation with magnetic perturbation during hovering flight causes
consistent shifts in posture that generate torque,3> demonstrating the
importance of wing sensory signals. The existence of campaniform sen-
silla mechanoreceptors on dipteran halteres are further evidence that
the wing sensory system can contribute to flight control. Halteres are
vestigial dipteran hindwings that were reduced through evolution; they
have lost an aerodynamic function but instead serve as a biological
gyroscope to detect body rotations using the retained wing sensory
system.40-43

To the best of our knowledge no studies have specifically examined
how flow sensing on insect wings could benefit flight control. While
flow sensors on other body parts have been shown to contribute by,
for example, monitoring flow velocities around the head,** or by mon-
itoring drag on the antennae,*>#¢ little is known about the role of the
many flow sensors found on wings.2*” The sensory bristles along the
wing margin of the silk moth Bombyx mori seem to monitor wing beat
frequency, and hair sensilla on the wing of the butterfly Pieris rapae
respond to specific airflow vibration frequencies.*8? While this could
be functionally relevant to acoustic sensing, the system is also well-
suited to monitor the periodic shedding of vortices from the wing.
Indeed, the location and coverage of the sensory bristles on the insect
wing suggests a possible flow monitoring function.

As the physiological investment of maintaining hundreds of sensors
is high,3334 the wing sensory system must distribute sensors strategi-
cally. What aerodynamic information could the sensors encode at their
respective locations in flight? In any wing system, the AoA is the one
parameter that directly impacts lift production in both flapping and
gliding flight.1® The one insect that is particularly known for its incred-
ible lift control is the dragonfly, which can even maintain a zero-lift
condition in flapping flight.'> The zero-lift condition needs fine tun-

ing along the whole span, as even slight deviations in wing twist would

lead to impediment of zero lift.1> As dragonflies also spend a lot of
time in gliding flight, an obvious assumption is that the high bristle
density along the span enables the dragonfly to resolve local AoA, and
hence the wing’s spanwise load distribution, at least in a steady state.
Clearly, monitoring the effective AoA along the wingspan could allow
for precise lift control in gliding.

Given a sensory distribution, how the wing sensory system encodes
information also depends on the signaling properties of each sen-
sor. Spiking sensory neurons can be broadly categorized into phasic
and tonic cells, based on their firing responses.”®>1 While the single-
cell characterization of the dragonfly wing mechanosensors are yet
to be done, a generic activation model allows us to predict pos-
sible ways the system could encode information given the sensor
distribution.’2->% Neural-inspired encoding, using nonlinear activa-
tion models, has been successfully implemented to optimize sparse
strain sensor placement on flapping wings.”* While activation mod-
els only approximate the neural behavior of a biological system, they
are powerful tools to evaluate the readability of a system. Addition-
ally, in the context of the wing sensory system, activation models
can be used to compare the evolved sensor placement with ran-
domized sensor locations to explore ideal sensor placement for flow
sensing.

In this study, we aim to explore the function of two classes of sensory
bristles on dragonfly wings in the context of flow sensing. The first type
of bristle lines the wing margin, including the leading edge (Figure 1).
They are situated between the serration structures of the leading edge
with stereotyped relationships, hence called the wing margin bristle-
bump complex.® The second type of bristle is distributed along the
major longitudinal veins at regular intervals. They are all accompanied
by a cuticular protrusion/bump; thus, we called them a bristle-bump
complex.8 While the second type has only been recently described,®
the margin bristle-bump complex has long been hypothesized to locally
affect the airflow.”> Here, we will examine the flow over a corrugated
dragonfly (Sympetrum striolatum) wing section in the context of bristle
sensor locations. Additionally, we aim to identify any functional role of
the bump or serration structure next to these sensory bristles during
gliding flight.

MATERIALS AND METHODS

Innervated hairs of varying length can be found on dragonflies’ major
longitudinal wing veins.2 Two short hair sensor types can be found,
the wing margin bristle-bump complex at the leading edge and the
bristle-bump complex on the posterior longitudinal veins.® To inves-
tigate the local flow stimulus experienced by these sensors in gliding
flight, we made computational fluid dynamics (CFD) models of both
sensory bristle types, including the accompanying bump structures,
using OpenFOAM 6.0.°¢ For the high-resolution 3D models of the
sensory complexes, scanning electron microscopy (SEM) images were
taken and combined with published confocal data® in Blender v3.4.1.7
We simulated flows similar to, and different from, those expected in

gliding flight to calculate forces acting on the bristles under varying
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FIGURE 1 Two major flow sensors on the wing of S. striolatum. The scanning electron microscopy image of the right forewing shows the eight
sensory bristle locations on the corrugated wing indicated by arrows on top of the ridges of the longitudinal veins. Red dot indicates leading edge.
The two sensor types analyzed consist of a bump structure next to an innervated short bristle; see insets. Scanning electon microscopy image
courtesy of Joseph Fabian for illustration. Abbreviations: CA, costa anterior (ventral leading edge); CuA, cubitus anterior; MA, median anterior;
MP, median posterior; RA, radius anterior; RP2, radius posterior; ScA, subcosta anterior (dorsal leading edge); ScP, subcosta posterior.

pitch and yaw flow orientations. The computed forces on the sensory
bristles and the surrounding flow fields were assessed in the context of
the bump orientation maps made using light microscopy of Sympetrum
striolatum, the common darter.

(Margin) Bristle-bump complex geometry modeling

Confocal image stacks of the leading-edge (margin) bristle-bump com-
plex and bristle-bump complex of a S. striolatum from Ref. 8 were
imported into ImageJ.>® The images were captured using a Zeiss 880
upright confocal microscope (for details see Ref. 8). The stacks were
transformed into a 3D iso-surface model, exported in STL format,
and loaded into Blender, where the 3D model was smoothed. The
model based on confocal data was then aligned with SEM images to
confirm the accuracy of the complexes’ morphologies. For the SEM
images, the forewing of a S. striolatum was dried at room tempera-
ture and sectioned into two parts to fit in the SEM JSM 5610LV/JSM
6400 (JEOL Ltd). The samples were sputter-coated with gold for 30
s under a 0.003 mbar vacuum. Finally, the SEM data-aligned models
were exported as STL files for CFD analysis. To compare the effect
of the bump structures, additional reduced leading-edge models and

stand-alone bristle models were created.

Cross-section geometry modeling for aerodynamic
analyses

To model the aerodynamic forces on the sensory bristles in gliding
flight, realistic boundary conditions are vital. Hence, we modeled the
sensory structures on the measured cross-section of a dragonfly wing.
A high-fidelity 3D model of a S. striolatum forewing (ipsilateral pair of
hindwings from Ref. 8) was imported into Blender to extract a cross-
section model of the dragonfly wing. This forewing model is based
on X-ray microtomography (micro-CT) scans of a stained specimen,
so some desiccation effects are unavoidable. In our scanned model,
the effects could be limited to the trailing edge, which curves down-
ward more than in vivo.8 In Blender, a slice of the cross-section was
subtracted via Boolean operation slightly proximal of the nodus (see
Figure 2A). The cross-section was extruded to a thickness of 150 um,
equaling the mean distance between two bristle bump sensors on the
radius vein of S. striolatum.2 The model was smoothed and merged
with the reconstructed leading edge (wing margin bristle bump and
reduced leading-edge model, respectively). The bristle-bump com-
plexes were merged onto their respective vein positions on top of the
ridges (Figure 2A). The extruded cross-section model was imported
into OpenFOAM, where the fluid domain mesh was generated for
CFD.
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CFD simulations

CFD simulations were used to compute aerodynamic forces and
visualize the flow field around the sensors for varying gliding flight con-
ditions. 2D simulations are often performed due to their advantage
in computational cost. In our study, however, where the 3D geometry
of the sensor complexes is of particular interest, we chose to perform
3D simulations where the higher accuracy of the results outweighs
the additional computational costs (see Methods S1). For the yaw-
orientation simulation (azimuth), we approximated the corrugated
wing as a flat plane, as modeling the whole wing while resolving the sen-
sor would not be feasible due to the computational costs. Hence, the
sensor complexes were modeled as being isolated on a flat plane and
compared to stand-alone bristle sensor simulations. For the AoA (wing
pitch) simulations, a multiscale approach was taken to model the sen-
sor complexes on the wing. To make the multiscale simulations feasible,
a semi-3D approach was taken, where only a small extruded 2D section
of the whole wing chord was simulated to reduce the computational
cost, while resolving the whole 3D structure of the sensors placed on
the extruded section. The 3D simulations were compared to sensor-
free 2D cross-section simulations. Residuals and forces from the 2D
simulations were analyzed for transient effects, which was the case for
simulations >10° AoA (Table S1).

For all cases, OpenFOAM'’s inbuilt mesh generator snappyHexMesh
was used to create the meshes consisting of hexahedral and tetrahe-
dral cells. For both yaw (bump orientation) and pitch (AoA) case studies,
a cuboidal unstructured mesh domain was created around the wing
cross-section and sensor complex within a structured mesh distant to
the objects (Figure S1). The unstructured mesh in the vicinity of the test
object allows for the discretization of the convoluted wing and sensory
structures. To capture the boundary flow physics, mesh refinement
boxes and spheres were incorporated around the objects. Additionally,
two inflation layers consisting of prismatic cells were added around
the walls to ensure that the wall-adjacent cells were parallel to the
wall, preventing unphysical boundary effects (Figure S1). Grid indepen-
dence tests were performed to ensure that the relevant flow features
were adequately captured in both the 2D and 3D simulations; mesh
sizes and convergence results are shown in Table S2. Following these
independence tests, the selected domain sizes were 8C x 8C x 0.02C
(equivalent to 150 um) for the AoA and 100C x 40C x 11C for the yaw
(bump) orientation study (Figure S2). Force value variation between
the medium and the other cases is <5%. Hence, the meshes converged
and showed sufficient agreement.

For both pitch (AoA) and yaw (bump orientation) case studies,
appropriate boundary conditions were assigned to the domain (Figure
S2). At the inlet, a constant velocity magnitude was set (Dirichlet con-
dition). To simulate across AoA in the pitch case studies, the velocity
vector at the inlet was changed from -20° to +20°. Here, 0° AoA
was based on the geometric angle between the freestream velocity
vector and the wing cross-section chord line. For the yaw orienta-

tion case study, the velocity vector at the inlet was kept constant

at an equivalent to 0° pitch. For both case studies, a pressure-based
outlet condition (Neumann) was assigned, with the pressure set to
atmospheric pressure. For front and back patches—equivalent to the
spanwise direction—of all studies, a cyclic condition was assigned,
except for yaw orientation 0° and 180°, where symmetric conditions
were set.

A no-slip wall condition was set at the wing and sensory structure
surfaces. While the cross-section for the pitch (AoA) study was kept
constant, the bristle-bump complex for the yaw study was rotated
in 45° intervals to compare forces at varying yaw orientations. For
the pitch study, the wing margin bristle bumps and bristle-bump com-
plexes were placed on the cross-section, and for the yaw study, the
bristle-bump complex and single bristle sensors were placed on a
flat plane approximating the local substrate of the sensor. To rule
out the impact of the flat plane boundary, two conditions were com-
pared for the bottom surface of the simulation, no-slip (wall) and slip
(freestream) conditions (Figure S3). For the yaw study of the wing mar-
gin bristle-bump complex, the leading-edge structure was rotated in
90° steps. For 0° and 180°, equivalent to chordwise flow on the wing,
a small section of the membrane posterior to the leading edge was
modeled to create realistic boundary conditions (Figure S4). For the
90° orientation—equivalent to spanwise flow on the wing—three dif-
ferent vein boundary conditions were tested to rule out any effect
of the boundary conditions on the forces acting on the bristles. The
three conditions include no additional vein part, a small vein, and
a long vein (see Figure S5). To analyze the impact of the leading-
edge bump structure, the same orientations were tested for a leading
edge with reduced serration. The final results presented here com-
prise a set of 29 simulations: seven AoA simulations (—20° to 20°),
14 bristle bump simulations (seven yaw orientations with bump and
single bristle), and eight leading-edge simulations (four yaw orienta-
tions for the margin bristle-bump complex and the reduced serration
model). An overview of all simulations with the respective boundary
conditions, numerical approximations, and discretization are listed in
Tables S3-S8.

In all simulations, the fluid was considered to be Newtonian and
incompressible. The Reynolds number for the pitch (AoA) study was Re
=850, based on the chord length and the notional gliding velocity of 2
ms~1 (Ref. 12). The yaw orientation study of the bristle bump and wing
margin bristle-bump complex were simulated for a flow of Re = 1.89,
using the bump height as the characteristic length. Hence, the flow was
modeled steady-state and we observed creeping flow around the sen-
sory complex. For the pitch study, based on the 2D simulations, AoA
between —10° and +10° were modeled in steady-state, while higher
incidence used a transient simulation to capture flow separation phe-
nomena. For these transient simulations, an appropriate time step was
set to reach a quasi-steady solution, where forces oscillate at a con-
stant frequency around a steady value (Figure Sé). Flow fields were
analyzed in Paraview 5.10.°7 Total aerodynamic forces acting on the
bristle sensors and the wing were extracted from the simulations and
analyzed in Rstudio 3.4.4.60
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Sensor location ranking

While the sensor placement on dragonfly wings is restricted to its
evolved state, our simulations allow for a more comprehensive analy-
sis of ideal sensor placement. To explore optimal sensor placement for
AoA monitoring, we examined chord positions where sensory bristles
are absent as well as those locations with sensors in the CFD sim-
ulations. To estimate the equivalent aerodynamic forces acting on a
sensory bristle at any location we examined on the wing, we established
acalibration curve between the forces and the airflow. The relationship
was fitted with a linear mixed effect model regression in Rstudio. This
enabled us to probe any reference location on the wing as if a sensory
bristle was installed. Specific locations included corrugation valleys,
the membrane between vein peaks, fore and aft vein peaks, and the
trailing edge. The probed airflow was then used to analyze the respec-
tive uncertainty-range ratio at each probe location. The probed airflow
was further used as direct input for a nonlinear neural activation
model to visualize the neural encoded airflow and its readability over
AoA.

Uncertainty-range ratio

We ranked the sensor locations based on two parameters: (i) the
range of AoA that is injective, meaning the range for which any
measured airflow corresponds to only one AoA, and (ii) the robust-
ness of the sensor to noise via the uncertainty influence coefficient.
The influence coefficient is a metric for the sensor’s sensitivity to
noise of the airflow measurements. To determine the injective one-
to-one AoA range, we linearly interpolated the computed airflow
data points over —20° to +20° AoA. From the resulting dataset, we
subtracted all noninjective data points, resulting in a monotonous,
injective range of AoA (Figure S7). To calculate the uncertainty influ-
ence coefficient, we used the Taylor’s series method for uncertainty
with a first-order approximation (see Methods $2).6* We calculated
the uncertainty influence coefficient over the whole injective range and
took the arithmetic mean. We finally ranked the sensor location via
a ratio of uncertainty to one-to-one AoA range. Following our defini-
tion of this uncertainty to range ratio, a lower value indicates a better
suited location, with high robustness over a wide range of one-to-one
AoA.

Neural activation model

To illustrate how the dragonfly could monitor AoA from a set of
vein sensors, we built a simple neural activation model. Depending
on the rate of adaptation, spiking sensory neurons can be described
as tonic or phasic. Tonic cells produce sustained spike trains given
the stimulus, and phasic cells produce a fast transient response
briefly before returning to a normal state. Both behaviors can be
found in the visual and mechanosensory system.®243 Following pre-

vious studies,”* we constructed a simple model to predict a potential

tonic response of sensory bristles given the aerodynamic results from
CFD.

In the tonic cell model, we expect a constant tonic response that
changes with stimuli.>® Depending on the stimulus direction, the firing
rate either increases or decreases, hence allowing the encoding of both
the stimulus magnitude and direction. Here, we directly used the air-
flow from sensorized and sensorless reference locations as input. We
defined fore-aft flow as positive stimulus and reverse flow as negative
stimulus. To predict the firing rate, we used a standard sigmoid activa-
tion model®* that generated both negative and positive outputs (Figure
S8). The representative slope of this model was based on experimental
data of a wing strain sensor3¢ and the threshold (half-max) was param-
eterized by the best generalized linear model (GLM) fit to predict AoA
(Figure S9). The resulting neuron activation rate can be interpreted as
neural encoded airflow and was plotted via a heatmap for each location

over AoA in Rstudio.

Imaging and bump orientation analysis

To contextualize the computed results of the yaw cases (azimuth) to
the actual bump orientation on dragonfly wings, we mapped the orien-
tations of all bumps on two major longitudinal veins of S. striolatum. A
right forewing dried at room temperature was subsequently bleached
in 9% hydrogen peroxide solution for 24 h to increase the contrast
between bumps and vein and imaged with a Leica Z6 APO A motorized
microscope. Images were postprocessed and stitched together to form
acomposite wingimage in the Leica User Software using the LAS X nav-
igator function. The same samples were prepared and imaged with a
confocal microscope as previously described.® In imageJ, the z-stacks’
z-projection (along the yaw axis of the wing) of the bristle-bump com-
plexes were stitched together and aligned with the whole wing maps
obtained from light microscopy data. From the aligned and z-projected
confocal images, x and y position of the bumps’ basal front edges were
measured (Figure S10). The z position was obtained from the confo-
cal z-stacks inimagelJ. Bump orientations were analyzed in Rstudio and
projected on the planforms of the wings in Inkscape 1.01.44

RESULTS
AoOA sensing

For any wing, the AoA to the airflow is arguably the most impor-
tant state variable.>¢¢ It impacts the lift and drag beneath the stall
angle linearly; exceeding the critical angle can result in a dramatic
reduction in lift and increase in drag, fluctuating torques, and signif-
icant issues maintaining flight control. Even for flapping flight under
unsteady conditions, the modulation of AoA (wing pitch) still dictates
how the leading-edge vortex!” is generated, shed, and recaptured.®”
For a rigid wing, the AoA can be determined from the wing base con-
figuration. However, for any flexible wing, the AoA depends on the

instantaneous aeroelastic deformation of the wing and cannot rely on
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the proprioception at the wing base alone. In this section, we explore
how the position of sensory bristles on the dragonfly wings could col-
lectively monitor AoA. We further investigate if the sensor placement
on the dragonfly wing is optimal by comparing the sensing capability
to other possible positions on the wing. We employed multiscale semi-
3D CFD simulations (see Methods) representative of gliding flight. We
chose a cross-section at the wingspan location with the highest num-
ber of sensorized longitudinal veins (see Figures 1 and 2A). This span
location is just proximal to the nodus, a one-way hinge located on the
leading edge halfway along the wingspan.® According to our previous
anatomical work on the sensor map,® eight sensor positions can be
identified along this specific chord: two rows on the leading edge and
on top of the ridges of the six major longitudinal veins (see Figure 2A).8

Flow visualization of the wing cross-section confirms expected
recirculation within the valleys of the corrugated profile at low AoA
(Figure 2B).22 These small-diameter spanwise vortices appear beneath
bounding streamlines that connect one peak to the next along the
corrugated profile, enclosing a separation bubble. The wing’s lift-drag
polar across the full range of AoA (Figure 2C) shows good agreement
with previous studies.'82468 Besides the flow field over the cross-
section of the wing, the multiscale approach allows for resolving the
flow over the microscale sensory bristles at their specific locations.
From the CFD simulation, we integrated the aerodynamic pressure and
viscous forces on these bristles to obtain the total force acting on each
sensory bristle.

Dorsal sensors experience positive fore-aft forces at negative AoA
(Figure 2D). As the AoA crosses zero, the leading-edge dorsal sensor
experiences a sign reversal of the aerodynamic force as the leading-
edge vortex forms. Other sensors experience this reversal sequentially
between 5° and 10° as the valley vortices form. A slightly different
story is found for the ventral sensors (Figure 2E), as most sensors on
the ridges transition to fore-aft flow at —10° already. Apparently, the
dorsal valley vortices are not equivalent to those on the ventral side.
For the leading-edge ventral sensor, the stagnation point of the entire
wing caused a huge signal (Figures 2B inset and 2E).

While the curve progression of force over AoA varies across
sensor locations, the force-airflow magnitude relationship is similar
(Figure 2F). The fixed airflow with a random sensor location model was
tested against a null model with only the random location. The inter-
cept is —0.006 + 0.01 and the slope is 0.86 + 0.04. The comparison
of the Bayesian information criterion (BIC) indicates that the airflow
model (BIC —239) is a better fitting model than the null model (BIC
—120). Hence, the airflow magnitude is a good proxy to predict forces
acting on the sensory bristle.

To evaluate the locations of these sensory bristles on the wing
ridges, we compared the flow at the sensorized positions to some ref-
erence positions: at the valleys of the corrugation, at the membrane, at
the fore and aft vein peaks, and at the trailing edge (see Figure 2A inset).
These reference positions are possible locations where a sensory bris-
tle could exist anatomically but did not. One clear observation is that
the flow magnitude is significantly lower in the recirculatory zone of
the valleys and other reference locations (Figure 3A). For sensory bris-

tles to sample such small forces, the signal-to-noise ratio would be poor.

In fact, ranking the different probe locations via their robustness to
one-to-one AoA range ratio shows that the five best probes match sen-
sorized chord locations (Figure 3B). The costa anterior (CA,) vein at
the ventral leading edge has the lowest uncertainty-range ratio and
is hence ranked as the most effective sensor location number 1. The
CA, is followed by the other three ventral sensorized locations: sub-
costa posterior (ScP,), radius posterior (RP2,), and median posterior
(MP,). Hence, the ventral sensorized vein peak locations are the most
effective locations to monitor AoA on this corrugated cross-section.
To explore how sensing local flow magnitude and direction could be
used to monitor AoA for stall prevention or for lift prediction, we built a
simple neural activation model to visualize the possible signal-encoding
patterns (see Methods). Here, we model tonic cell responses where
a baseline activity is boosted with stimuli in the preferred direction
and suppressed by stimuli in the antipreferred direction (Figure 3A).%°
The chordwise airflow (Figure 3A) from the probes at sensorized and
other reference locations (Figure 2A) is the input for the neural activa-
tion model. The nonlinear activation function of the model transforms
the raw airflow into a normalized neuron activation rate (Figure 3E).
Here, we show that, with a tonic activation behavior, the sensory bris-
tles canresolve the AoA over the entire range, as they can continuously
encode positive and negative forces (Figure 3E top eight rows). In con-
trast, sampling flow at other locations could not produce such a clear
pattern of activation (Figure 3E), showing a low readability due to the
low magnitude of variations. Hence, the readability of the AoA strongly

depends on the sensors’ span location.

Direction selectivity

The AoA sensing analysis focused on airflow along the chordwise direc-
tion. In flight, however, a wing also experiences lateral flow, especially
during sideslip conditions. How does the sensory system selectively
monitor chordwise flow? The wing sensory bristles modeled in the
previous section are all accompanied by one of two possible nearby
small cuticular structures. The structures are stereotyped and con-
sistent, as we reported previously.® Given the scale of the structure,
the leading-edge serration structure has long been hypothesized to
affect the local flow.>> As the newly identified bristle-bump complex
is at a same length-scale,® we hypothesized that they could modify the
local airflow around the sensory bristle and instill direction selectiv-
ity to the sensor. To test this hypothesis, we constructed high-fidelity
models of (i) the leading-edge serration (Figure 4A) and (ii) the bristle-
bump complex (Figure 5A). Then, we simulated the airflow over the
sensor complexes from different directions and compared the models
with reduced serration/bump and isolated bristle models, respectively
(Figures 4A and 5A).

The margin bristle-bump structure and the bristle-bump structure
on the longitudinal veins seemingly follow the same orientation. How-
ever, the leading edge consists of dorsal and ventral arrays facing the
oncoming airflow (Figure 1). The simulations show that the presence
of the serration bumps only had a minor reduction of the aerodynamic

forces acting on the sensory bristles of around 20% for all but the
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FIGURE 2 Computational fluid dynamic simulation of a wing chord profile of S. striolatum. (A) The cross-section of the wing with sensor
locations (red circle) and reference (sensorless) probe locations (inset). (B) Flow field (Re = 850) and streamlines over the simulated wing section
over varying angles of attack (AoA). The velocity field is color coded by velocity magnitude and streamlines are shown by white and black lines.
Transient simulations at AoA + 20° show time-averaged data. Close-up on leading edge showing stagnation point locations over AoA (purple x). (C)
Lift and drag polar of the wing section model. (D) Computed chordwise forces acting on the dorsal sensors over AoA (+ fore-aft flow;—reverse
flow). (E) Equivalent computed chordwise forces acting on the ventral sensors. Both dorsal and ventral sensors experience varying force directions
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FIGURE 2 (Continued)

and magnitudes over AoA. (F) Computed force magnitude in nN over the respective normalized airflow magnitude for each sensor location (color
coded). Black line shows the linear mixed effects model regression, and the gray shaded area shows the 95% confidence interval. CA, costa anterior
(ventral leading edge); CuA, cubitus anterior; MA, median anterior; MP, median posterior; RA, radius anterior; RP2, radius posterior; ScA, subcosta

anterior (dorsal leading edge); ScP, subcosta posterior; TE, trailing edge.

chordwise flow direction, where no force reduction occurred for the
ventral sensor array and 35% for the dorsal array (Figure 4B). How-
ever, the leading-edge ventral array is inherently selective to spanwise
flow, whereas the dorsal array is mostly sensitive to the chordwise
reverse flow, which was not altered by the serration’s morphology.
A close examination of the local flow demonstrates that the dorsal
bump slows down the spanwise flow much better than the ventral
bump. The bristle beside the ventral bump is sitting between the ven-
tral and dorsal row in a channel structure running along the leading
edge (Figure 4C). Flow arriving at the leading edge can be channeled in
the spanwise direction. This pronounced directional selectivity for the
leading-edge ventral bristle seems to be the strongest at 0° AoA, where
itincidentally reduces the large flow magnitude as shown in Figure 3A.

In contrast to the leading-edge sensors, the longitudinal vein
bristle-bump complexes occur in one row on top of the vein ridges.
Again, we simulated a high-fidelity configuration with the full bristle-
bump complex and another configuration with an isolated bristle
(Figure 5A,B). The simulations show the bump slows down the air mov-
ing around the bristles to varying degrees depending on the angle
of freestream. For both 0° and 180° orientations, the bristle is com-
pletely immersed in a slow-moving space surrounding the bump. At
0°, a recirculation area occurs between the bump and bristle sensor;
at 180°, the bristle is in the wind shadow of the bump (Figure 5C).
These patterns are akin to classical low Reynolds number forward- and
backward-facing step tests in fluid mechanics. We can integrate the
aerodynamic pressure and viscous forces acting on the entire bristle
to estimate total forces. The results show clear minima of forces in the
0° and 180° directions (Figure 5D). While force variations of around
30% are due to the change in projected area of the bristle at varying
yaw angles, the introduction of a bump reduces the forces by 85% and
80% for 0° and 180° yaw angle, respectively. Hence, the bump acts as
an aerodynamic fence that shields the sensory bristle, conferring a high
directional selectivity.

Since directional selectivity can directly impact the input of the sen-
sory bristles for AoA sensing, it follows that any variation in the bump
orientation along the wingspan could impact sensitivity to AcA. We
measured the bump orientation relative to the bristle on the two major
longitudinal veins (subcosta and radius) on the forewing of our study
species S. striolatum (Figure 5E). On the radius vein, some variation in
yaw direction can be observed near the wing base and pterostigma, a
highly pigmented spot on the distal part of the leading edge. No orien-
tation shift can be noted for the two adjusting bumps around the nodus.
However, at the nodus of S. striolatum, there is a distinct gap between
sensors. On the subcosta vein, most orientation variation occurs near
the nodus. The yaw orientation varies from 50° to 125° along the
wingspan. This 50° to 125° bump yaw range implies an airflow vari-
ation of up to 30% from the bump orientation alone, based on the

force-yaw orientation polar (Figure 5D). These variations impact the

respective AoA monitoring function. We can show this impact visually
via the neuron activation model introduced in Figure 3C-E. We used
a reference bump orientation of 90° to predict the neuron activation
rate over AoA for the subcosta and radius vein. Rotating the bump by
45° reduces the airflow at the sensor location by 30%. Comparing the
neural activation rate of the manipulated configuration (45°) and the
reference configuration (90°) shows different representation of the
AoA (Figure 5F). Hence, the readability of the AoA strongly depends
on the sensors’ location and local flow direction.

DISCUSSION

In this study, we showed that the sensory bristle placement on dragon-
fly wings allows for monitoring of AoA, at least during the dragonfly’s
routine gliding flight. The variation in force magnitude and direction
over AoA at different chord locations allows for sensor activation pat-
terns that are readable for the nervous system. The readability of
AoA strongly depends on the local sensor environment. Shifting the
sensing positions only slightly reduces the intensity of the signal. The
most effective sensor locations are the ventral vein peaks. Thus, the
observed sensor positions are superior to random placement. Besides
the sensor placement on the wing, we presented here how the mor-
phological structures in the vicinity of the bristles impact flow sensing.
The recently discovered bristle-bump complexes, a sensor type that
has only been described on dragonfly wings so far, has an aerodynamic

filter function conferring directional selectivity.
Directional selectivity

Using microstructures to shape the local airflow around the sensory
bristle is an efficient way to implement directional selectivity. How-
ever, inherent directional selectivity has been described previously for
insect hair sensors due to material anisotropy or structural asymmetry
of the hair shaft or at the hair base.*#¢?7% The 15-25 um short sensory
bristles show no asymmetry of their shaft and have a base aspect ratio
of 1.03 + 0.11 (sample size of n = 11, confocal data from Ref. 8). How-
ever, since anisotropic material properties at the base have not been
investigated for the short bristles on the dragonfly wing,® future elec-
trophysiological experiments could confirm if the inherent selectivity
exists. The two mechanisms for directional selectivity are not mutually
exclusive, and it could be that the inherent selectivity will add to the
effects from the bump structures near the bristles. Furthermore, the
bump structure also slows down the local flow and has the potential
benefit of tuning the flow speed to the range of the sensory bristle. On
the wing, the bristle-bumps’ orientation varies slightly along the span,
but is generally optimal for dampening spanwise flow. This is consistent
with the goal of monitoring relevant aerodynamic features since lift-
producing mechanisms such as flow circulation and vortex formation

mainly occur in the chord direction.1®
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FIGURE 3 Probe locations and neural activation model for angle of attack (AoA) monitoring. (A) Chordwise airflow at sensorized (leading edge
and corrugation peaks) and sensorless (trailing edge, corrugation valleys, membrane, and fore/aft vein) spanwise locations. Indices highlighting
probe location (d: dorsal; v: ventral; me: membrane). Across the AoA range, the sensorized locations experience visibly larger flow. (B) Uncertainty
ratio and resulting position ranking for each probe location. CAv has the lowest uncertainty ratio and is, therefore, ranked number 1 as the most
effective sensor location. (C) Neural activation responses of a tonic cell for a theoretical example stimulus based on a nonlinear activation model.
(D) Flow chart of the neuron activation model. From CFD simulations, airflow is sampled at varying chord locations. The chordwise airflow is the
direct input for the nonlinear neuron activation model. The neuron activation model predicts normalized activation rate of the neurons given the
airflow condition at a specific AoA. (E) A heatmap of the normalized tonic neuron activation over AoA show the sensorized chord locations (black
rectangle) producing the most meaningful variation with respect to the AoA. Abbreviations: CA,, costa anterior (ventral); CuAq, cubitus anterior
(dorsal); CuA,, cubitus anterior (ventral); MAy, median anterior (dorsal); MA,,, median anterior (ventral); MP4, median posterior (dorsal); MP,,,
median posterior (ventral); RA,¢, radius anterior (aft); RAy, radius anterior (dorsal); RA¢re, radius anterior (fore); RAqe, radius anterior
(membrane); RA,, radius anterior (ventral); RP24, radius posterior (dorsal); RP2,, radius posterior (ventral); ScAy, subcosta anterior (dorsal); ScPy,
subcosta posterior (dorsal); ScP,em, subcosta posterior (membrane); ScP,,, subcosta posterior (ventral); TEy, trailing edge (dorsal); TE,, trailing
edge (ventral).
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FIGURE 4 Direction selectivity of the wing margin bristle-bump complex: Computational fluid dynamic simulation at Re = 2. (A) Structural 3D
models of the wing margin bristle-bump complex (left) and the reduced serration model (right). (B) Total aerodynamic forces acting on the
leading-edge sensors over yaw angles at 0° AoA (pitch). An inherent direction selectivity for both dorsal and ventral sensor arrays is demonstrated,
with the dorsal sensors being most sensitive to chordwise reverse flow and the ventral sensors being selective to spanwise flow. The bump
structure reduces the aerodynamic forces for all but the chordwise flow direction, where no filtering occurs for the ventral sensors and increased
filtering occurs for the dorsal sensors. (C) Top view of the flow streamlines around the leading-edge sensors. Streamlines are color coded by
normalized velocity magnitude. Fore-aft flow: 0°, reverse flow 180°, spanwise flow: 90° and 270°. The dorsal bristle is shielded by its neighboring
bump structure. The ventral bristle sits between the dorsal and ventral bump row. Abbreviations: CA, costa anterior; ScA, subcosta anterior.

Flow readability

Based on our simple neural activation model, the sensor tuning could
impact the resolution and encoding of the local effective AoA. In the
tonic cell model, each sensor accounts for both the airflow direction
and magnitude. For the representative model parameters here, the
sensor system of the dragonfly can resolve the entire range of AoA
(—=20° to +20°). However, to resolve the whole range, not all eight sen-
sor locations are needed. The median anterior (MAy) vein shows only a
minor change in activation rate and is not contributing to the readabil-
ity of the AoA. The MA4 vein is in the wind shadow of the higher radius
anterior (RA) peak, resulting in lower flow magnitude and flow range
over AoA. Hence, to resolve the whole range of AoA, only seven sensor
locations are required.

Besides the model and its parameters, the sensor input value
strongly affects the readability of the system. While the model and
exact parameters depend on the neurophysiology of the system, the
sensor input varies with the sensor location on the corrugated wing

section. The highest signals and signal range occur on top of the vein

peaks and even slight shifts away from the peaks of the veins result
in a lower signal, hence reducing the readability of the sensor. Due to
the varying flow-AoA curves for each sensor location, differences in
robustness and one-to-one AoA ranges occur. Low-reliability locations
are around the dorsal valley of the radius RP2 vein and most sensorized
locations are well-suited except the dorsal leading edge of the subcosta
anterior (ScAy). This exception is likely due to margin bump altering
the airflow around the sensor, leading to a comparatively small one-to-
one AoA range at the ScAy. The sensor locations on the ventral peaks
are the most effective locations to monitor AoA, as they have the low-
est uncertainty to one-to-one AoA range ratio. On the dragonfly wing,
the sensory bristles are exactly located at these ideal locations. Thus,
the system is efficiently sampling the flow, highlighting the embodied

intelligence of the wing sensory system.

Implications for flight control

In steady-state conditions, monitoring the effective AoA gives the

insect a proxy for the lift and drag forces being generated.”?
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FIGURE 5 Direction selectivity and orientation of the bristle-bump complex: Computational fluid dynamic simulation at Re = 2. (A) Structural
3D model of the bristle-bump complex. Inset shows scanning electron microscopy image of a bristle-bump complex on the radius vein of S.
striolatum. (B) Top view of horizontal flow fields over the bristle-bump complex (outer figures) and single bristle sensors (inner figures). The flow
field is color coded by normalized velocity magnitude, with arrows indicating flow vector orientation. The height of the horizontal flow field is
highlighted by a dotted line in C. The bump slows down the fluid in its vicinity. (C) Vertical flow field of 0° and 180°. Black lines highlight
recirculation area between bristle and bump at 0°. (D) Total aerodynamic forces acting on the sensors for single bristle and bristle-bump complex
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FIGURE 5 (Continued)

over varying yaw orientations. The presence of the bump reduces forces over all yaw angles and confers a direction selectivity due to the higher
filtering in 0° and 180° orientation. (E) Preferred flow-sensing direction (equivalent to 90° in panel B) of bristle-bump complexes on two
longitudinal veins (ScP and Ra) on a S. striolatum forewing. The arrow direction is based on the bump’s orientation on the wing measured along the
span of the two veins. The x-coordinate of the arrows indicate bump spanwise location on the wing. Pitch orientation of the bump varies only
slightly between + 2° and is not shown. Yaw orientation varies between 50° and 125° along the wingspan. Left: Yaw orientation legend. (F)
Activation patterns over AoA given a 45° rotation of the bump on subcosta posterior (ScP) and radius anterior (RA). The reference configuration
corresponds to a bump orientation of 90°. If the bump was rotated by 45°, the input airflow would be reduced by 30%, leading to a different

representation of the AoA. Abbreviation: AoA, angle of attack.

Knowledge of the effective AoA along the span can increase the
accuracy of lift estimates regardless of the wing deformation due
to aeroelastic loads during flight’27% or the ipsilateral wing pair
interaction.’® While we only evaluate the system in the steady state,
the strategic locations of these flow sensors should be able to capture
AoA information during flapping flight as well, perhaps with a differ-
ent encoding format. How the nervous system interprets the signals
from the same set of sensors in these two flight modes would be an
interesting research question.

We have shown that the flow sensors could monitor the location
of the recirculation bubble separation and reattachment lines because
they give rise to changing local flow orientations. As the reattachment
line moves back along the wing chord, flow vector directions can shift
by up to 180°. The combined information of the sensors in a chordwise
direction allows the estimation of the size of the laminar separation
bubble during gliding flight and likely the leading-edge vortex dur-
ing flapping flight. These are both key aerodynamic features during
high-lift flapping flight that build up once per stroke cycle.}”-74 Like
campaniform sensilla that fire once per flapping cycle due to cuticu-

5 sensory bristles could capture the vortex formation each

lar strain,”
flapping cycle. Hence, mechanosensory feedback can be used to con-
trol vortex evolution in real-time, allowing the insect to rapidly adjust
their wing pitch to initiate formation, growth, stabilization, or shedding
of vortices as needed. For this application, the directional selectivity of
the sensory bristles would be crucial.

Another critical parameter for lift control and especially wing stall
prevention is stagnation monitoring. Even in gliding flight, aeroelas-
tic deformation (e.g., wing bending and twisting) can occur suddenly,
leading to fast changes in the spanwise load. This could cause unfavor-
able wing divergence, where high lift at the wing tip and wing twist
feedback positively, ultimately leading to tip stall or even structural
damage.”®’” The double rows of leading-edge sensors could be a good
solution for high-accuracy stagnation sensing around the zero-lift con-
dition. Changes in AoA, and hence lift, are coupled with movement of
the stagnation point location; as such, the wing margin bristle-bump
complexes are at the ideal location to monitor shifts in the stagna-
tion line around the leading edge.>®> Based on the flow direction at
those sensors, the insect could localize the stagnation point to be either
between the two rows, dorsal, or ventral, corresponding to near-zero

lift, negative lift, or positive lift, respectively.

Study limitations and ongoing work

The study we present here is not without some limitations. First, some
of our CFD simulations performed fall in the transitional range of the
Knudsen number.”® The simulations of isolated bristles are at Kn =
0.032 (hair diameter D = 2 x 107® m and free mean path of air at
room temperature A = 6.544 x 108 m)’? and fall in the low slip
flow region, where gas molecules’ interaction with walls become more
prominent. Future simulations could implement a Maxwell slip model
to quantify the boundary effects. A second limitation relates to the
wing cross-sectional model. While the leading edge is reinforced and
robust to contrast staining for X-ray microtomography scanning, the
trailing edge is more delicate and exhibited small additional curvature
due to desiccation during preparation. Aeroelastic bending of the wing
has been neglected in our simulations and the cross-section has been
assumed to be rigid and static, which in reality is unlikely to be the
case. The impact of wing bending on the flow field could be addressed
with an ongoing fluid—structure interaction (FSI) simulation. Periodic
deformation (flutter or buffeting) would make the airflow strongly
time-dependent. Ongoing modeling work resolves structural changes
using coupled physics simulations and will consider transient phenom-
ena at all AoA. While the semi-3D approach allowed for multiscale flow
analyses and local force measurements, it likely underestimates span-
wise flows that frequently occur in both flapping and gliding flight.1®
To capture a realistic flow field over insect wings, a high-fidelity 3D
wing model has been built and is being evaluated. Finally, the bump
orientation map is based on a single dragonfly species. A cross-species
comparison of bump orientation will provide critical insight into flow
sensing in dragonflies with different flight behaviors.

CONCLUDING REMARKS

In summary, applying a neural activation model to our CFD simulations
shows that a small number of flow-sensing bristles placed on the corru-
gation wing ridges would capture key aerodynamic features relevant
to gliding flight. In contrast to other locations on the wing, the bris-
tle sensors’ locations on the ridges are ideal to monitor: (1) lift via the
effective AoA; (2) the stagnation point; and (3) the laminar separation
bubble at high AoA. Furthermore, bumps in the bristle-bump complex
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are not innervated but impose selectivity to chordwise flow for the
sensory bristles. In contrast, the serration spikes at the leading edge
reduce the flow magnitude for the leading-edge bristles only slightly.
Nevertheless, the spike geometry causes the dorsal row to have a selec-
tive preference for reverse chordwise flow and the ventral row for
spanwise flow. Finally, we report variation of the bump orientation on
the subcostal and radius veins along the wingspan. This variation will
impact sensing along the wingspan across regions where chord profile
and fore-aft sweep angle are also variable. Hence, the bristle-bump
complex on dragonfly wings is an example of embodied intelligence,
or morphological computing, since the physical structure acts as a
mechanical filter, reducing the complexity of the signal reaching the
controller.

The idea of using wing-mounted sensors to inform a flight con-
troller has gained popular attention in recent years. While some have
approached it from an engineering perspective, others have studied
the wing sensory systems of flying animals directly.5¢¢89 Most of the
animal work focuses on the relationship between wing morphing and
the associated deformation sensing. Here, we argue that flow sensing
provides a different type of information. Direct flow sensing on wings
allows for rapid prediction of the instantaneous lift and AoA, as well
as detecting the onset of stall. While wing deformation can be driven
by a variety of aeroelastic mechanisms in flight (i.e., the fine interplay
of inertial effects and FSls), the signals from flow sensors continuously
predict aerodynamic state. This is especially important during fast
nonlinear transitions of flight mode or when experiencing external per-
turbations such as gusts. Here, we present a neuron activation model
serving as a framework and analysis pipeline applicable for ongoing and
future work on 3D unsteady, flapping analysis given the wing sensory
system. We expect direct flow sensing on wings will enable comprehen-
sive monitoring of nonlinear aerodynamic phenomena, increasing both
flight safety and aerodynamic efficiency.
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