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Summary

“Fly-by-feel” describes how flying animals capture aerodynamic information via their wings’ sensory
system to implement or enhance flight control. Traditional studies on animal flight emphasized
controlling body stability via visual or inertial sensory inputs. In line with this, it has been
demonstrated that wing sensory systems can provide inertial state estimation for the body. What
about the state estimation of the wings themselves? Little is known about how flying animals utilize
their wing sensory systems to monitor the dynamic state of their highly deformable wings. This study
is a step toward a comprehensive investigation of how a flying animal senses aerodynamic and
aeroelastic features of the wings relevant to flight control.

Odonates: dragonflies and damselflies, are a great model for this because they have excellent flight
performance and their wing structure has been extensively studied. Here, we developed a strategy to
map the entire sensory system of Odonata wings via confocal microscopy. The result is the first
complete map of a flying animal's wing sensory system, including both the external sensor
morphologies and internal neuroanatomy. This complete search revealed over 750 sensors on each
wing for one of the smallest dragonfly species and roughly half for a comparable size damselfly. We
found over eight morphological classes of sensors, most of which resembled mechanosensors. Most
sensors were innervated by a single neuron with an innervation pattern consistent with minimising
wiring length. We further mapped the major veins of 13 Odonate species across 10 families and
identified consistent sensor distribution patterns, with sensor count scaling with wing length. To
explain the strain sensor density distribution along the major veins, we constructed a high-fidelity
finite element model of a dragonfly wing based on micro-CT data. This flapping wing model revealed
dynamic strain fields and suggested how increasing sensor count could allow encoding of different
wing states. Taken together, the Odonate wing sensory system is well-equipped to implement
sophisticated fly-by-feel flight control.

Introduction

Animal locomotion relies on local sensory feedback, where body movements and mechanical forces
are monitored and used to inform motor commands. In terrestrial animals, proprioceptors in joints
and muscles establish the timing and magnitude of important mechanical events during walking. The
wings of flying animals experience inertial and aerodynamic (‘aeroelastic’) loads, airflow stagnation
and separation, and non-linear phenomena of vortex growth and shedding, generated during gliding
and flapping flight (Bomphrey and Godoy-Diana, 2018; Dickson et al. 2006; Combes and Daniel 2003).
The current literature on mechanical feedback during flight mostly consists of isolated reports of
specific sensor types, often accompanied by proposals of their functional significance for flight control.
The feather follicles of birds possess mechanosensors sensitive to feather motion under aeroelastic
forces (Brown and Fedde, 1993; Carruthers et al., 2007), while the wings of bats and moths are
populated with mechanosensors which are known to contribute to flight control and body stabilisation
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(Sterbing-D'Angelo et al., 2011; Dickerson et al., 2014). However, complete descriptions of the sensor
arrangement on the wings of a flying animal have been elusive. In reality, wings express a diverse array
of sensor types each capturing unique and localised mechanical forces depending on their structure
and position. As with sensory receptors in other organs, such as the eye, it is likely that arrays of
receptors function in concert, each contributing a piece to a larger, time-dependent, sensory mosaic.
Therefore, to understand the function of sensory feedback during flight we must first determine a
comprehensive map of mechanosensors on wings.

Flying insects are a useful model for studying mechanosensory feedback during flight due to their
small size, simple nervous system, and exquisite flight behaviour. Flapping flight relies on the phasic
generation of precise aerodynamic forces through coordinated movements of multiple wings.
Dragonfly flight is especially interesting due to their four independently controlled wings, each with
adjustable amplitude, frequency, and angle of attack (Ruppel, 1989; Thomas et al., 2004). This enables
a large wing state-space, each with unique, and time-dependent, aerodynamic and inertial
characteristics. Dragonflies can fly by synchronised flapping of all four wings, out-of-phase flapping of
forewing and hindwing, isolated flapping of the forewings only, gliding with the wings in a more-or-
less stationary position, and even in mechanically linked tandem flights with a mating partner.
Furthermore, the ancestor of Odonates represents the earliest flying animal on earth (Misof et al.,
2014). From a practical perspective, dragonfly wings have transparent, scaleless membranes, and are
relatively large, facilitating e the mapping of external and internal anatomy.

The concept of sensory feedback from insect wings has received attention from neuroscientists and
engineers since the 1960’s, following the discovery of neurons sensitive to wing twist in locusts
(Gettrup, 1966; Wilson, 1961). However, at that time it was difficult to produce a detailed map of
sensors or to characterise wing deformation with high fidelity. Further electrophysiological studies
described the afferent signals of campaniform sensilla (CS) in the wing in flies (Dickinson 1990). These
strain sensors tend to fire a single action potential per wing stroke, so they cannot provide continuous,
analogue strain estimation. Instead, strain is believed to be encoded predominantly through spike
timing, which varies with the strain spike threshold, and the magnitude of local strain (Dickerson et
al., 2014; Yarger and Fox, 2018). Unlike other insects, flies (and Strepsiptera) have a specialized club-
like structure called halteres, derived from a reduced hindwing. Instead of a direct role in force
production during flight, the halteres express strain sensors which allow indirect estimation of the
insect’s body rotation (Pringle, 1948). All flapping insect wings experience similar Coriolis forces due
to body rotation, and more recent work has proposed that strain sensor arrays on wings may also
function as an inertial sensor, much like the halteres (Pratt et al.,, 2017; Jankauski et al., 2017).
However, the wing-mounted sensors are well-placed to monitor the instantaneous aeroelastic loading
conditions and flow velocities of the wings themselves. This line of investigation is far less well
developed and can have extensive potential impact in bioinspired flight control.

Here we provide the most complete description of the mechanosensory system of an animal wing to
date. Specifically, we identify the patterns of neural innervation, the locations of several discrete
sensor types, and the patterns of mechanical deformation likely to be experienced by one class of
sensors using a custom high-fidelity finite element model of a dragonfly wing. In doing so, we shed
light on how the nervous systems could be encoding and represent aeroelasticity.

Results and Discussion

Odonata wing veins house an extensive network of sensory neurons

To visualise the neuronal innervation within Odonate wings, we developed a new approach for
penetrating the wing cuticle and labelling the complete collection of wing neurons (see Methods). For
comparison, we visualise wings from a small dragonfly species Perithemis tenera and a similarly sized
damselfly Argia apicalis. We identify axons of sensory neurons in all major longitudinal veins. Some of
these axons run the entire wing length, making them among the longest neurons in the dragonfly.
Axons terminate with a soma which is almost always located directly under an external cuticular
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Figure 1: The axon routing pattern of selected Odonates.

Neuronal innervation diagram of a male Eastern Amberwing dragonfly (Perithemis tenera) forewing (A), hindwing (B) and a male
Blue Fronted Dancer damselfly (Argia apicalis) hindwing (C). A dedicated afference wing nerve branches out into different veins
from the wing base. The color tones of axonal tracks were chosen arbitrarily to aid readability. They do not imply hierarchy or
relationships of the tracks. Dots indicate the ends of axonal track; dashed lines denote merging tracks; dotted lines represent
tracks that were interpolated from incomplete back-fill images and mechanosensors found on the veins. Major veins and
structural elements of the wings are labeled following the system of Riek and Kukalova-Peck (1984) and Bechly (1995): C — costa;
Sc —subcostal; RM —radius/media; Cu — cubitus; A —anal; Arc — arculus; T - tringle; ST — supratriangle; Q - quadrilateral. The
corrugations of the wings/topology of veins are represented by “+” for “ridges” (dorsally convex) and “-“ for “valleys” (dorsally
concave).
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99  structure. Each neuron follows a direct, efficient path from the wing hinge to soma (Figure 1A,B), with
100 some minor variation between individuals. Unlike the leading edge and the longitudinal veins, the
101  trailing edge has no dedicated axon tract. Instead, it is innervated locally by extensions of the closest
102 longitudinal vein tracts. This could reduce total axon length, since the medial region of the trailing
103  edge follows a curved and less direct path compared to other major veins. This arrangement will also
104  minimize the impact of typical wing damage, which is almost exclusively found on the trailing edges
105  for dragonflies (Rajabi et al., 2017). If trailing edge sensory neurons were routed along the trailing
106  edge vein, even a small local break would likely eliminate the function of all sensors distal to the
107  damage.

108 In contrast to the dragonfly, the venation pattern of damselfly wings consists of mostly well aligned
109  rectangular cells, resembling an aerial view of a modern city grid. The innervation pattern of damselfly
110  wings is similar to that of dragonflies, with some exceptions (Figure 1C). Unlike the dragonfly wing,
111 the trailing edge of the damselfly wing is innervated directly, with a tract of axons running along the
112 length of the trailing edge. Due to the wing shape, axons can pass through the damselfly trailing edge
113  without any additional axon length cost. All wing neurons can be traced back to the meso- and meta-
114 thoracic ganglia via anterior and posterior wing nerves originating from the wing base. These two
115 nerves converge before merging into the first nerve bifurcation of each ganglion (Kondo, 1978;
116 Simmons 1977). There is no evidence of interconnection between the neurons within the wing and
117  the cell body counts exceed 750 for each dragonfly wing and 350 for each damselfly wing we mapped.
118  Together it suggests a high maximum influx of raw sensory signals traveling back to the ganglia. The
119 diversity and distribution of these wing sensors will be the focus of the following sections.

120 The morphologies of wing sensors

121 Dragonfly wings are extensively innervated by sensory neurons, but what external cuticular structures
122 are these neurons innervating? Odonate wing membranes are smooth, but their veins are covered in
123  an array of microscopic structures with a variety of roles (Rajabi et al., 2011; Gao et al., 2013). Some
124 microstructures resemble sensors, but are not innervated. At high magnifications, we could trace
125 individual axons branching from the primary bundle near the wing hinge and terminating at cell
126  bodies. These cell bodies send thin dendrites towards the cuticular surface. Autofluorescence of this
127  cuticular surface highlights a variety of structures. Based on our current understanding of insect wing
128  sensors, we classified the wing sensory structures into eight main classes: wing margin bristle-bump
129  complexes (Figure 2A,B,C); bristle-bump complexes (Figure 2D); isolated bristles of varying length
130  (Figure 2E, F); campaniform with an associated structure (Figure 2G,H,J); isolated campaniform (Figure
131 21,K,L); campaniform sensilla fields (Figure 2M,N); hair plates (Figure 2N,0); and multipolar cells
132 (Figure 2P,Q,R).

133  The costa vein (leading edge) and trailing edge of the wing are covered in regularly spaced sensory
134  bristles (approximately 30 um long), placed along the regular serrated cuticle segments (Figure 2A-C).
135 Similar bristles have been found on the wing margin of moths, sensitive to directional vibratory airflow
136 (Aietal., 2010), and in drosophila, where manual stimulation triggers a defensive leg kicking response
137 (Li et al., 2016). In the dragonfly, each bristle has a neuronal dendrite at its base, and in up to 25% of
138 cases a second sensory neuron sends its dendrite through the shaft of the bristle to its tip. These are
139  the only wing sensors that are innervated by more than one neuron. We suspect double innervated
140 bristles might serve as a chemosensor as seen in flies (Houot et al., 2017) as well as a mechanosensor.
141 Dragonflies are often considered anosmic due to their minuscule antennal lobes (Fabian et al., 2020),
142 but there is some behavioural evidence suggesting odours are used to locate prey (Piersanti et al.,
143 2014). Dragonflies are not able to groom their wings like a fly, but we do not exclude the potential
144  tactile functions for wing margin bristles. Other longitudinal veins have isolated bristles with lengths
145 ranging from 20 um (Figure 2D) to more than 200 um (Figure 2E), each innervated by a single sensory
146  neuron at their base. They resemble the trichoid sensilla found in locusts that detect wind direction
147 and elicit compensatory reflexes (Camhi, 1969; Bacon and Tyrer, 1979; Pfluger and Wolf, 2013;
148 McCorkell, 2016).


https://doi.org/10.1101/2021.04.11.439336
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.11.439336; this version posted April 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

\ 4 O 4

Figure 2: The classification and morphology of all wing sensors

Examples of sensors found on the wings of the dragonfly Perithemis tenera. The scale bars are all 25 ym. (A-F): candidate airflow
sensors; (A) dorsal costa bristle-bump; (B) ventral costa bristle-bump; (C) trailing edge bristle-bumps. All three examples show
the double-innervated type of a bristle which consist only 25% of all the wing margin bristles. All other bristles have only one
dendrite innervating the bristle base (not shown). (D) radius bristle-bump; all bristles of this type are innervated by one neuron at
the base. (E) long bristle of the type present on the medial part of several major veins. (F) short bristle. (G-L): strain sensors;

(G) dorsal costa campaniform sensillum (CS); (H) large dorsal costa CS; (I) dorsal cross vein CS; (J) large radius anterior CS
immediately distal to pterostigma; (K) ventral subcosta CS; (L) terminal ventral CS of the radius posterior 1 (RP1) vein. (M-O): wing
base sensory fields; (M) — crevice organ — two parallel fields of directionally tuned elliptical CS at the base of radius/media (RM)
vein. Asterisk marks the dorsal insertion site of a wing base chordotonal organ; (N) hair plate (arrow) and two adjacent CS fields
(asterisk) ventrally at the base of subcosta; (O) hair plate ventrally at the base of cubitus. (P-R): multipolar and bipolar receptors:
(P) multipolar receptor at the base of costa; arrows point to/indicate cell bodies; (Q) multipolar receptor located at the junction of
the anal vein and the first/medial cross vein connecting it to cubitus. Two adjacent dorsal CS are indicated with cyan markers.

(R) A bipolar receptor. All example images are from the right forewing, with cuticular autofluorescence in grey, and neurons labelled
with Neurobiotin/Dyelight-584-Neutravidin in green. The symbols in the upper right corner of each panel are notations to show
sensor type and dorsal/ventral placement which will be used in Fig 3.
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149  The thickest longitudinal veins (subcosta, radius, cubitus, media) contain short (10 —15 um) bristles,
150 each paired with small saw-tooth shaped bump (Figure 2D). The shape of these paired bumps is highly
151  constant across the wing, and across multiple species, as is the spatial relationship between the bump
152  and bristle. Each bristle lies several micrometres distal from the bump, which protrudes from the vein
153  at a shallow gradient on its medial side, and a steep gradient on its distal side. The bump itself is not
154  innervated by a sensory neuron, and thus plays no direct sensory role. However, it will have a
155  conditioning effect on the external flow stimulus acting on the bristle, contributing to the tuning
156  properties of the sensor. The bump might also play a protective role for the small bristles, functioning
157  like a roll cage, preventing collisions from damaging the sensor arrays. To our knowledge, this bristle-
158  bump sensory complex is novel and has not been described in any other animal.

159 A variety of strain sensitive campaniform sensilla are found on the costa (Figure 2G,H), and several
160  other longitudinal veins (Figure 2I-L), often paired with the same type of saw-toothed cuticular bumps
161 described for short bristles. On many of the joints connecting the radius longitudinal vein to cross
162 veins, we observe isolated campaniform sensilla (Figure 2L), and at the base of the radius we see large
163 fields of campaniform sensilla, each with an associated sensory neuron (Figure 2M). These sensor
164  fields on the radius vein match those described by Simmons (1978), which were described as crevice
165  organs at the time because they resemble pits on the cuticle. Fields of campaniforms with high aspect
166 ratio pits are associated with directional strain sensing (Spinola and Chapman, 1975; Vincent et al.,
167 2007; Zill and Moran 1981). In dipteran flies campaniform sensilla are found on both the wings and
168  the halteres (Cole and Palka, 1982). We also identify several hair plates on the wing base (Figure 2N, 0),
169 as well as a chordotonal organ (Figure 2P). These sensory structures are typically associated with
170 proprioception in insects (Kutsch et al., 1980; Burrows, 1996). Finally, we observe multiple multipolar
171 neurons located at some joints between wing veins (Figure 2Q,R) with unknown function and no
172 obvious associated cuticular structure.

173 A complete sensor map of Odonata wings

174  Aeroelastic loading of the wing during flight causes complex deformation of the architecture (e.g.,
175 Wootton et al., 1998; Norris et al., 2010; Lu et al., 2010, Jongerius and Lentink, 2010). The flow
176  patterns which have been observed on the wings of dragonflies during flight are similarly complex (
177 (e.g.,Thomas et al., 2004; Wang & Sun, 2005; Bomphrey et al., 2016; Li and Dong, 2017; Bode-Oke at
178 al.,, 2017; Bode-Oke et al., 2018; Hefler et al., 2018; Shumway et al., 2020). We expect the local
179  placement and overall density of wing sensors is critical for capturing relevant information. This
180 system may be a great example of so-called ‘fly-by-feel' strategies in biology, in which
181 mechanosensors on the wing directly inform control strategies either in real-time or by providing a
182  training signal for fine-tuning a flight controller. Our imaging data allowed us to construct a complete
183 sensory map of the dragonfly wing (Figure 3) in order to generate hypotheses of how a fly-by-feel
184 controller might receive salient information.

185 Excluding the wing-base campaniform fields, we found a total of 771 on the forewing and 894 sensors
186 on the hindwing of a dragonfly (Perithemis tenera), and 358 sensors on the hindwing of a damselfly
187 (Argia apicalis). Extrapolating from this, we estimate this dragonfly has over 3000 wing sensors on its
188  four wings, and the damselfly approximately half as many. Even though this is a very small species of
189 dragonfly, these sensor counts are significantly higher than those reported on the wings of moths,
190 flies or beetles described so far (Dickerson et al., 2014; Cole and Palka, 1982; Frantsevich et al., 2014).
191  The dorsal side of the grasshopper wings were mapped previously, showing sensor counts comparable
192  to those of the dragonfly (Albert et al., 1976). Similarly, large number of sensory bristles have been
193  found on locusts’ hindwings (Altman et al., 1978). It is generally a challenge to perform direct cross-
194  species comparison as most sensor maps to date are incomplete in the sensor types and/or coverage.

195  Several patterns emerged from our complete odonate wing maps. First, sensor type was clearly
196  associated with wing corrugation; for example, long trichoid sensilla are almost exclusively found in
197  the wing’s local valleys, while short bristles and bristle-bumps lie on local ridges. This arrangement
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Figure 3: A sensory map of Odonate wings

Distribution of all confirmed sensors on the Perithemis tenera dragonfly fore- (A) and hind (B) wings and a hindwing of Argia
apicalis damselfly (C). All sensor notations follow Fig 2 and also in the figure legend. Inset i: maximum intensity projection showing
P. teneraright forewing base dorsally and ventrally with the sensor fields outlined. Insets ii and iii: diagrams showing the wings’
natural sweep angles; the red reference lines mark the wing span axis perpendicular to the anatomical wing hinges.
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198 could be suitable to detect the small eddies found within the corrugations as well as the attachment
199  state of airflow (Bomphrey et al., 2016). Bristles without any bump dominate the central part of the
200  wing blade in both the dragonfly and the damselfly. The length of these bristles varies ten-fold with
201 bristle length decreasing from the wing base to the wing tip. Since the air speed increases from wing
202 root to wing tip during flapping flight, the boundary layer may also reduce in thickness toward the
203  wing tip. Therefore, the reduction of sensory bristle length may be consistent with the reducing
204  boundary layer height toward the wing tip during flapping flight.

205  Secondly, the isolated campaniform sensilla are sparsely distributed around the edge of the wing. This
206  ring-like arrangement is consistent with capturing the twist of the wing blade efficiently, as the largest
207 deformations occur at a distance from the axis of twist (Mohren et al., 2018; Koehler et al., 2012).
208 Periodic campaniform sensilla are found along the costa, yet the most posterior campaniform sensilla
209  are located some distance away from the actual trailing edge. This distancing from the trailing edge
210  may prevent wing wear from damaging sensors, and reduce noise from trailing edge aeroelastic
211 flutters. We found a total of 84 and 98 isolated campaniform sensilla on fore and hindwing of
212 Perithemis tenera, respectively, with a substantial bias towards the dorsal surface. The abundance of
213 each sensor type varies considerably, bristles significantly outweigh campaniform sensilla on most
214  veins. Interestingly, the damselfly wings studied are completely devoid of bristle bumps, or long
215 bristles (Figure 3c).

216  Thirdly, both the leading and trailing edges are densely lined with sensory bristles. These are by far
217  the most abundant, accounting for approximately 60% of all wing sensors. Dragonflies generate a
218 strong leading-edge vortex which is shed at the end of each flapping half cycle (Thomas et al., 2004;
219 Bomphrey et al. 2016). Consequently, the wing edges in flapping flight tend to experience large
220  pressure gradients (see e.g., Shumway et al., 2020) and likely experience cyclic changes of airflow
221  direction. The bristles on the wing margin may, therefore, play a key role in observing the timing and
222 intensity of vortex formation and shedding. Similar sensors exist in the moth and have been shown to
223 encode directional vibratory airflow (Ai et al., 2010). In the dragonfly, these sensory bristles are absent
224 inthe proximal 2/3rds of the forewing trailing edge. This area of absence matches the area of hindwing
225  overlap during a flapping cycle. This pattern has been observed in the wing margin bristles of a
226  butterfly’s forewing and hindwing (Yoshida et al., 2001), suggesting a possible universal strategy to
227  avoid unwanted signals from wing collision.

228 Fourthly, in general wing sensors are placed with increasing sparsity from anterior to posterior, and
229  from medial to distal. Each sensor has a cost in terms of wing mass, metabolic energy, and carries
230 increased complexity for decoding. For this reason, we expect biological sensor arrays will use the
231 sparsest sensor arrangements that provide sufficient performance with adequate robustness.
232 Simulations of sparse strain sensor systems show that performance is strongly dependent on sensor
233 placement, with optimised sensor arrays resulting in significant reduction in the required number of
234  sensors (Mohren et al., 2018). Mechanical stress on flapping wings is largest close to the wing base,
235 and the metabolic cost of neuronal signalling increases in proportion to the length of an axon,
236  therefore a bias towards medial sensor placement is likely to increase the efficiency of the sensory
237 system.

238 Finally, the radius and axillary complex at the wing base are adorned with five fields of campaniform
239 sensilla with 30—90 sensors per cluster (Figure 3A, inset). Both structures are load bearing and transmit
240 most of the aerodynamic forces from the wings to the body. These sensilla have high aspect ratios,
241 indicating high directional selectivity. Sensor orientations vary within each field, which might reflect
242  the pattern in the wing base loading during both flapping and gliding flight. There are a handful of
243 multipolar cells scattered at specific cross-vein locations with no associated external structures and,
244 as such, we do not include them for discussion here. Their function remains to be clarified.

245  Two reasons might justify the Odonates’ extensive investment in mechanosensors on their wings.
246 Firstly, dragonfly wings are relatively long, and the intensity of several interesting aerodynamic events
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247  (such as formation of the leading-edge vortex, or shedding of the wing tip vortex) is greater near the
248  wing tip. Sensing these flows using a dense array of wing tip sensors with long and costly axons might
249  be necessary to achieve accurate fly-by-feel control. Secondly, flying insects have a dedicated pump
250  which circulates hemolymph through their wings, often all the way to the wing tip, to support neurons
251 inside these veins (Jensen, 1976; Pass, 2018; Salcedo et and Socha, 2020). This circulation likely makes
252 up a large proportion of the additional mass associated with wing sensing, and once established, in
253 relative terms, the cost of additional sensors and their paired neurons might be insignificant. For these
254  reasons we believe the cost-to-benefit relationship underlying sensor counts is likely to be highly non-
255 linear, and a relatively dense sensor arrangement might be beneficial for some wings.

256 A comparison of sensor distribution across Odonate families

257  Odonates are a diverse insect family related to the first flying insects, with wingspans, wingbeat
258  frequencies and flight speeds varying significantly across species (Bomphrey et al., 2016). Are the
259 classes and positioning of wing mechanosensors consistent across different families of Odonata? And
260 how do sensor systems scale as wing sizes vary across odonate species? By performing a broad
261 comparison of wing sensor distribution, we can identify key parameters that are conserved, and
262 expression patterns that might hint at specialised functional roles. We imaged the morphology of wing
263 sensors in 14 species from 10 of the most abundant families of Odonates by exciting autofluorescence
264 under a confocal microscope. From these images we were able to calculate the local sensor density
265 (sensor/mm) along the wing span for each species. To facilitate comparison between species, we
266 normalised each density curve by its respective mean. Our analysis focuses on the costa, subcosta and
267 radius veinsas they contain the most diverse range of sensors, take up most of the load, and play a
268 key role in active wing feathering control (Biisse & Hornschemeyer, 2013; Wootton, 1992).

269  On the costa, margin bristle density is quite constant across the wing length for all species on both
270 dorsal and ventral wing surfaces (Figure 4A). However, the damselflies I. verticalis, C. maculata and
271 the dragonflies P. tenera, S. plagiatus and I. stevensi show local peaks near the nodus (approximately
272 half wing length) on the dorsal side. Interestingly, for all species but P. gigantea the average sensor
273  density on the ventral side is higher than on the dorsal side (Table S1). Overall, smaller wings tend to
274  have higher sensor density, with . verticalis, P. tenera and I. stevensi having an average density of 7
275 sensors/mm, 8 sensors/mm and 10 sensors/mm respectively compared to 4 sensors/mm average
276  density for A. sieboldii and H. brevistylus on the dorsal side. Campaniform sensilla density along the
277  major veins exhibits a consistent tapering toward the wing tip (Figure 4B,D,G). Given that strain during
278  flapping decreases from wing hinge to wing tip, this accompanying reduction in campaniform density
279 might be matched to the dynamic range of sensor input (Vincent et al., 2007). We also found
280 occasional campaniform pairs on the major veins. There are a number of explanations: 1) two sensors
281 at the same location provides redundancy; 2) two sensors provides enhanced dynamic range at that
282 location; 3) two sensors can provide dynamic information with spike timing (e.g. direction of
283 deformation propagation); 4) the two-sensor occurrence is simply a result of partially stochastic
284  sensor placement during development with no functional significance. On-going modelling work will
285 narrow down these possibilities in future studies.

286  The generalrule for sensor placement in the valleys and ridges is conserved across species with bristle-
287 bump complexes and campaniform sensilla on the ridges (ventral side of subcosta and dorsal side of
288 radius) and isolated bristles in the valleys (dorsal side subcosta and ventral side radius). Other than
289  the costa, the radius is the most innervated vein and also closest to the torsional axis in a dragonfly
290  wing (Norberg, 1972). The dorsal (ridge side) bristle-bump complexes have a consistent distribution
291 across species (cross species average 2.36 sensors/mm +- 0.49 sensors/mm). It starts with
292 approximately 1.5 normalised sensor density, tapering down to <1, before increasing a little, back to
293  approximately 1.1 normalised sensor density toward the wing tip (Figure 4F). Campaniform sensilla
294  are exclusively located on the dorsal (ridge) side of the radius and paint the most dramatic trend of
295  exponential density reduction with distance from the wing root (Figure 4G).
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Figure 4: A comparison of sensor distribution across dragonfly families

Sensor density distribution (A-H) and sensor count (I-K) of the wing sensor types (bristle-bump, campaniform sensilla and isolated bristles)
across 15 Odonate species. Normalised sensor density is shown for dorsal and ventral side over normalised sensor position on three
longitudinal veins, costa (A,B), subcosta (C,D,E) and radius (F,G,H). The insets in each panel highlight sensor type and the respective vein.
Sensor density is normalized by the mean of each density curve. Sensor position is normalised by the length of the respective right forewing.
The black bold line shows the mean of all species in each plot. (I-K) Sensor count is the sum for each sensor type of all three longitudinal
veins. The sensor count is plotted over the respective wing length for each species. Black line shows the ordinary least squares (OLS)
regression line and the grey shaded area shows the confidence interval. Each data point is colour coded by the respective species

(see legend in upper right panel).
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296  The cross species comparison also shows a positive scaling of sensor count with wing length for all
297  three sensor types (Figure 4I-K). While some smaller Odonates tend to have higher average sensor
298  densities of bristle-bump complexes in the costa, the overall sensor count still increases significantly
299  with winglength (Figure 4l). The strongest linear relationship is found for campaniform sensilla (Figure
300  4J).This trend is shown further by all three damselfly species (C. maculata, A. apicalis and I. verticalis)
301 having very few (or zero) campaniform sensilla on the costa (Table S1). In general, this suggests that
302 there exists physical rules about sensor counts and larger wings are not simply a scaled up version of
303 the same wing even within odonata. The wing sensory system is well-poised to reconstruct the wing
304  states in addition to providing inertial state estimation for the body.

305 The strain distribution on major veins and wing state estimation

306 Campaniform sensilla are strain detectors, but due to signalling limitations they cannot provide a
307  continuous strain value measurement. Instead, they fire an action potential when subjected to strain
308 surpassing their threshold at certain speed. A suitable distribution of campaniform sensilla is
309 important for providing information on the gross strain distribution on wing veins under normal
310 operation. Previous work has focused on the placement of wing campaniform sensilla in the context
311 of inertial sensing of body rotations (Eberle et al., 2015; Pratt et al., 2017). Specifically, it has been
312 demonstrated that only relatively few, sparsely distributed strain sensors are needed to detect
313 rotations of the body (Hinson and Morgansen, 2015). This is certainly consistent with the sparse
314  distribution of campaniform sensilla found in some model insects (e.g., flies: Dickinson and Palka,
315 1987). Here we have revealed a relatively denser distribution of campaniform along some major wing
316  veins in Odonates. How might these elaborate sensor systems inform flight behaviour? One idea is
317  that the higher strain sensor density facilitates the monitoring of complex wing states.

318 Given a wing structure’s mechanical properties, the strain distribution along the major veins is
319  determined by the sum of inertial and aerodynamic loads. When flapping, inertial loads generally
320 exceed the aerodynamic loads for large insects (e.g., Combes & Daniel, 2003; Jankauski et al., 2017).
321 To encode any aerodynamic components of stain, the wing sensory system must differentiate small
322  variations of the strain field from the dominant inertial load. Understanding this requires examining
323  some possible wing states and their representative strain fields on the veins. We generated some
324  possible wing states without the fluid-solid interactions by building a computational solid dynamics
325 (CSD) model of a flapping S. striolatum dragonfly wing via our uCT data (see Methods).

326  The surface spanwise strain contours of four snapshots (Figure 5A-D) show the concentration of high
327 strain magnitudes at the longitudinal veins near the wing base. The spanwise strain is greatest at the
328 stroke reversals (pronation and supination) while the sign for each longitudinal vein is mostly reversed
329 (Figure 5A,C): e.g., the proximal portion of the radius experiences compression (negative strain, in
330  blue) at pronation (Figure 5A), while the same vein experiences tension (positive strain, in red) at
331  supination (Figure 5C). On the other hand, proximal subcosta and cubitus (two longitudinal veins
332 adjacent to radius) are showing the opposite trends. This is presumably because the corrugation
333 offsets some longitudinal veins away from the neutral plane of bending. We also quantified the
334  spanwise strain along the surface of two major longitudinal veins (subcosta and radius, Figure 5E—J)
335 where we found many campaniform sensilla on their corresponding “ridge” sides (ventral side for
336 subcostal and dorsal side for radius). These veins show a consistent pattern of strain distribution along
337  their length throughout the flapping cycle (Figure 5G,H), but with a large variation in magnitude with
338 time (Figure 51,J). To resolve any shape variations in the strain pattern, we normalized the strain
339 magnitude at a range of instants throughout the cycle.

340 How might the wing sensory system encode real-time features of wing kinematics? If the strain on the
341 veins is a reliable proxy for the instantaneous aeroelastic loading on the wing, and the nominal
342 inherent strain distribution is known, then the description of the wing state can be broken down into
343  two components: 1) magnitude of inherent strain distribution; and 2) the state-specific deviation from
344  the nominal strain distribution. The first component requires relatively few sensors in few locations:
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Figure 5: Strain distributions on a simulated flapping wing

(A-D) Spanwise strain (spanwise component of normal elastic strain) contour over the wing surface for four time instances in a wing stroke cycle:
pronation (A), mid-downstroke (B), supination (C), and mid-upstroke (D). A hindwing of a Sympetrum striolatum was reconstructed in 3D for this
simulation. (E,F) Spanwise strain along ventral subcosta and dorsal radius where campaniform sensilla can be found. The colour map represents
different phase of a flapping cycle. (G,H) Spanwise strains along the veins, each line is normalised with the mean of the strain along the vein . The
x-axis (path length, or position along vein) for the spanwise strains are normalised with the total path length for corresponding vein. (1,J) Temporal
variation of the mean spanwise strain on the ventral subcosta and dorsal radius. The measured positions of campaniform sensilla are shown in
magenta dots (E,F,G,H). The vertical variation of the dots is purely for readability.
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345  just enough for the system to be robust. Any deviation from the nominal profile provides a signature
346  for the wing deformation state that could be caused by perturbations or altered kinematics, for
347  example, when manoeuvring. Thus, the second component requires sampling the strain magnitude
348  with high spatial resolution, which can be accomplished by increasing the campaniform count.
349  Specifically, since campaniform function as a strain detector, any location experiencing large
350 fluctuation of strain might need more campaniform with different strain thresholds and temporal
351  tuning. Alternatively, any variation in strain magnitude can be encoded in the phase of a high density
352  of similar campaniform. Again, in area where large strain sensing range is required, we expect larger
353 number of campaniform. While the reconstructed strain magnitude match the expectation of the
354  observed campaniform density, ongoing electrophysiological studies aim to differentiate between the
355  two hypotheses.

356 The nominal inherent strain distribution is largely determined by the wing architecture and flapping
357 modes. The insect likely has a good expectation/prediction about this distribution from which it
358 identifies abnormalities. While the wing mechanical properties are relatively constant once the wings
359  have hardened following eclosion (but see Salcedo & Socha, 2020 for potential roles of hemolymph),
360 any damage that alters the wing’s structural mechanics will cause a permanent change to the nominal
361 profile. Consequently, the expectation of this nominal strain distribution must be updated.

362 Conclusion

363  This work provides the first complete map of wing sensory system for any flying animal from neuron
364  wiring to sensor morphology and distribution. We have also discovered novel sensors with their
365 functions still under ongoing investigation. The cross-species comparison has revealed what appear
366  tobe conserved sensor placement themes that may be key to understanding the fly-by-feel controller.
367 Finally, our initial geometrically precise structural dynamics modeling generated hypotheses for the
368 distributed strain sensors to monitor wing states. Our findings raise several key questions regarding
369 aeroelastic sensing for flight control. These will be investigated with follow-up neurophysiological
370 experimentation and computational fluid-structure interaction modelling.

371 Insect wings are underactuated yet extensively sensorised structures. Their venation patterns must
372 not only produce predictable passive mechanical behaviours, but also provide an appropriate
373  substrate to support the number, density, and appropriate positioning of wing sensors in order to
374  observe the relevant forces during flight. To add yet more complexity, it is feasible and likely, that the
375  vein substrates are mechanically tuned to amplify, or filter, the response of the sensors they support.
376  This hand-in-glove integration of mechanical behaviour and sensing for state estimation makes insect
377  wings an intriguing and tractable model for investigating the co-evolution of form, function, and the
378 nervous system.
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Methods

Insect specimens

All Odonate specimens were collected in northern Virginia, USA (*), south-east England, UK (**), or
obtained from the collection at the Natural History Museum in London, UK. They belong to two
suborders: first, Anisoptera, the dragonflies, of which there are 13 families; members of the nine most
populous/largest were studied here: 1. Aeshnidae, Anax junius (Drury, 1773)*, 2. Chlorogomphidae,
Chlorogompus atkinsonii (Fraser, 1925), 3. Cordulegastridae, Anotogaster seiboldii (Selys, 1854), 4.
Corduliidae, Hemicordulia tau (Selys, 1871), 5. Gomphidae, Hagenius brevistylus (Selys, 1854) and
Stylyrus plagiatus (Selys, 1854)*, 6. Macromiidae, Macromia indica (Frasner, 1924), 7. Libellulidae,
Pantala flavescens (Fabricius, 1798)*, Perithemis tenera (Say, 1840)*and Sympetrum striolatum
(Charpentier, 1840)**, 8. Petaluridae, Petalura gigantea (Leach. 1815), 9. Synthemistidae, I/dionyx
stevensi (Fraser, 1924). Second, Zygoptera, the damselflies, of which there are 35 families. The
damselflies used here were from the 1. Calopterigidae, Calopteryx maculata (Palisot de Beauvois,
1807)* and 2. Coenagrionidae, Argia apicalis (Say, 1840)* and Ischnura verticalis (Say, 1839)*. We
used males in all our analyses, except for P. tenera, for which we used both males and females. There
are no evident morphological differences in the wings between sexes except for pigmentation.

Sample preparation for confocal imaging

To obtain a more complete neuronal tracing, it is best to minimize sample segmentation. Neurobiotin
diffuses at a rate of ~1 cm/24 hr in axons of the diameter found in the odonate wing, and insect tissue
deterioration begins at approximately 48 hr postmortem. Thus we focused our efforts on one of the
smallest anisopteran species, P. tenera, and an isopteran, A. apicalis, with comparable wing length.

Insects were anesthetized on ice and fixed right side up on Sylgard-filled Petri dishes using pins. The
right pterothoracic pleural wall and the head were removed, anterior nerves (nerves 1C and 2C in
Simmons, 1977) were isolated, placed in a drop (~ 0.7 ul) of distilled water inside a petroleum jelly
bowl, and cut. Water was wicked away, replaced with ~0.5 pul of the tracer solution (2 % w/v
neurobiotin in dH,0, Vector Labs, SP-1120) and the well was sealed closed with petroleum jelly.
Insects were kept refrigerated in a humid chamber for 48 hours to allow diffusion of the tracer. The
wings were removed by cutting along the basal hinge and fixed in 2% PFA in phosphate-buffered saline
with 0.1% Triton X-100 (PBS-T) overnight at 4°C with mild agitation, washed with PBS-T and bleached
in 20% peroxide in PBS-T for 48 h to remove most of the pigment from the cuticle.

When wings harvested from young, probably not more than few hours post-eclosion, adults were
used, minutes after commencement of bleaching bubbles of oxygen started appearing within the
bilayer of cuticle making up the wing blade. This can be explained by the presence of metabolites
between the yet-unfused sheets of exoskeleton capable of catalyzing the decomposition of peroxide.
At the point of completion of bleaching, indicated by the cuticle’s pale golden hues, the wings took
appearance of a rescue buoy. The wings were briefly rinsed in copious amount of water and, while
floating in a PBS-T-filled Petri dish, placed inside a desiccator connected to a rotary vane pump. The
negative gauge pressure caused further delamination of the cuticular bilayer and the gas to escape
via the openings at the wing base or, in some cases, ruptured trailing edge seam. The wings were cut
chordwise in half, post-fixed in 2 % PFA for 3 h @ RT, washed and stained with DyLight 594-NeutrAvidin
(1:250, Thermo Scientific #22842), now having free/unencumbered access to the neurobiotin-labelled
neurons, in PBS with 3% normal goat serum, 1% triton X-100, 0.5% DMSO @ RT with agitation for 2
days. Following washing with PBS-T, the wings were cut near their base and mounted in Tris-buffered
(50 mM, pH 8.0) 80% glycerol with 0.5 % DMSO between two coverslips using 350 um spacers. The
wing bases were dehydrated in glycerol (5-80 %), then ethanol (25-100 %) series, cleared and mounted
in methyl salicylate, following modified protocol from Ott, 2008.

For treatments of old wing specimens, samples were bleached and re-hydrated using alkaline peroxide
(25% H205, 0.2% KOH in water) for 24-48 h and mounted in Tris-buffered (50 mM, pH 8.0) 80% glycerol
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with 0.5 % DMSO between two 60 mm-long coverslips. The mounting followed the same procedure
as fresh wings.

Imaging and sensor distribution/placement mapping

All samples were imaged on Zeiss 880 upright confocal microscope. Serial optical sections were
obtained at 7 um with a FLUAR 5x/0.25 NA, 2.5 um with a Plan-Apochromat 10x/0.45 NA objective, at
1.5 um with a LD-LCI 25x/0.8 NA objective or at 0.5 um with a Plan-Apochromat 40x/0.8 NA objective.
Cuticle autofluorescence and DyLight 594-NeutrAvidin were imaged using 488 and 594 nm laser lines,
respectively. The volumes obtained with the FLUAR 5x objective and tiling the wings were stitched in
Fiji (http://fiji.sc/). Images were processed in Fiji, Icy (http://icy.bioimageanalysis.org/) and Photoshop
(Adobe Systems Inc.).

The costa, radius and subcosta veins were scanned dorsally and ventrally with Plan-Apochromat
10x/0.45 NA objective (field of view 1.2 x 1.2 mm). To minimize collection time while maintaining high
signal to noise ratio, the green autofluorescence of cuticle was excited with 405 and 488 nm lasers at
maximum power and the images were collected using single-swipe and minimum pixel dwell time.
The vertical aspect of each volume was adjusted to accommodate the imaged vein while the
horizontal was kept constant at 1500 pixels. Maximum intensity projections were stitched manually
in Photoshop and annotated in Adobe Illustrator (Adobe Systems Inc.) while referring to the volumes
viewed in Fiji (Schindelin et al., 2012).

Wing sensor distribution quantifications

Based on the annotations, sensors were counted and their position on the wing tracked in Fiji. The
distance between sensors of the same type was measured and the inverse of the sensor distance was
taken (sensors/mm). The sensor density was averaged over two consecutive distances to get the local
sensor density at each sensor position. The sensor position was normalised with the wing length for
comparison across species. Sensor density was first smoothed by a moving average over 7 data points
and subsequently normalised by the mean sensor density of the respective sensor type on the vein.
Further, the mean of all species was taken for each sensor type to compare sensor density curves
across sensor type and veins.

The relationship between sensor count and wing length for each sensor type was analysed via an
ordinary least squares (OLS) regression in Rstudio (Rstudio Team, 2020). The lower and upper
confidence interval (2.5% and 97.5%) of the OLS regression was calculated. The sensor count for each
sensor type corresponds to the sum of the sensors of the first three anterior veins (costa, subcosta
and radius).

Wing geometry modelling for strain field evaluation

A male Sympetrum striolatum dragonfly was euthanised in a freezer overnight. The entire body was
stained with contrast agent elemental iodine in a glass jar which had a desiccating effect (Boyde et al.,
2014). The x-ray microtomography (LCT) scanning on the left hindwing was performed using a SkyScan
1172 scanner (Bruker, Belgium). The wing mounting was aligned to the vertical direction (rotational
axis) and 5 sub-scans were performed. With the rotation step of 0.08° for 180° rotation for each sub-
scan, in total 12445 images were taken at pixel size of 2.83 um and exposure time of 2.6 s. The source
voltage and current were 65 kV and 153 pA, respectively. The raw images were processed in Bruker
NRecon to obtain the cross-sectional slices. The images were then imported to ORS Dragonfly v3.6
(Object Research Systems, Canada) for registration and three-dimensional reconstruction. A mesh file
(PLY) was extracted by choosing an appropriate intensity threshold. After cleaning and reduction in
MeshLab, the mesh was imported to Rhinoceros 6 (Robert McNeel & Associates, USA). The vein
network was approximated with circular cross-sectional pipes whose diameter and positions of the
joints were informed from the mesh. The membrane was generated for each cell surrounded by veins
with uniform thickness of 10 um, which was determined based on the sampling in the CT scanned
cross section in Dragonfly software. The veins and membranes were imported into AutoDesk Inventor
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Professional 2020 (Autodesk, Inc., USA) to merge them into one single body. The wing model was
exported in STEP format and imported into ANSYS Mechanical Application 2019 R3 (ANSYS, Inc., USA),
where the mesh for finite element analysis was generated and transient structural simulation was
performed.

Wing flapping computational solid dynamics (CSD) simulation

The wing model mesh consists of quadratic tetrahedron elements with the total number of nodes of
0.8 million. The uniform material property was assumed for simplicity, where density was 1200 kg m"
3, Poisson ratio was 0.3, and the Young’s modulus was 5 GPa. These values were derived from previous
work (Jongerius and Lentink, 2010), where the Young’s moduli were 6 GPa for vein and 3.75 GPa for
membrane. The “remote displacement” boundary condition was applied at the wingbase surface,
where only 1 degree of freedom for rotation was prescribed for simulating the flapping motion, and
other 5 (3 translational and 2 rotational) degrees of freedom were fixed to be zero. The flapping
motion is described as:

¢ = o sin(2mtf) (1 —e™9)

where ¢ is positional angle given at the wingbase in degrees, ¢, is the desired wingbeat semi-
amplitude and set to 30°, t is time in seconds, f is wingbeat frequency and set to 40 Hz, and y is a
factor to change how fast the amplitude approaches to ¢,. The wingbeat amplitude increases
gradually in this formulation so we can avoid the abrupt start and it is expected to arrive at the periodic
deformation state earlier than a simple sinusoidal flapping. The factor y was set to 30, which results
in the wingbeat amplitude is 30% of ¢, for the 1% cycle but 67%, 84%, and 93% for 2", 3", and 4"
cycles, respectively. At 10" cycle the amplitude is 99.9% of ¢,. The wing starts flapping from the mid-
downstroke phase at time t = 0, and the computation was performed until time t = 167= 0.4 s, where
T = 1/f is the wingbeat period, which is 0.025 s. The time step size (time increment, At) for each
computational step was adjusted automatically within the limits between 2x10° s and 2x103 s, with
the initial size of 2x10™* s. There was no coupling (interaction) with the aerodynamics.

The resultant strain field was evaluated in two ways: the normal elastic strain along two major
longitudinal veins (subcosta and radius), and the normal elastic strain contours on the wing surface at
four time instances (pronation, mid-downstroke, supination, and mid-upstroke). Here, the normal
elastic strain was computed for the wing radial direction for each time instance by two-dimensional
coordinate transformation using the instantaneous positional angle. We will refer this strain
component as “spanwise strain” for short. The component parallel to the flapping axis is not included
in this spanwise strain. Only the last wingbeat cycle starting from pronation (i.e., 14.75 < t/T <
15.75) was used for the analysis, and the t/T was renamed for this period as £ such that £ := t/T —
14.75.
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