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Abstract

To probe its environment, the flying insect controllably flexes, twists, and maneuvers its antennae
by coupling mechanical deformations with the sensory output. We question how the materials
properties of insect antennae could influence their performance. A comparative study was
conducted on four hawkmoth species: Manduca sexta, Ceratomia catalpae, Manduca
quinquemaculata, and Xylophanes tersa. The morphology of the antennae of three hawkmoths that
hover while feeding and one putatively non-nectar-feeding hawkmoth (Ceratomia catalpa) do not
fundamentally differ, and all the antennae are comb-like (i.e., pectinate), markedly in males but
weakly in females. Applying different weights to the free end of extracted cantilevered antennae,
we discovered anisotropy in flexural rigidity when the antenna is forced to bend dorsally versus
ventrally. The flexural rigidity of male antennae was less than that of females. Compared with the
hawkmoths that hover while feeding, Ceratomia catalpae has almost two orders of magnitude
lower flexural rigidity. Tensile tests showed that the stiffness of male and female antennae is
almost the same. Therefore, the differences in flexural rigidity are explained by the distinct shapes
of the antennal pectination. Like bristles in a comb, the pectinations provide extra rigidity to the
antenna. We discuss the biological implications of these discoveries in relation to the flight habits
of hawkmoths. Flexural anisotropy of antennae is expected in other groups of insects, but the
targeted outcome may differ. Our work offers promising new applications of shaped fibers as

mechanical sensors.
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1. Introduction

Over millions of years of evolutionary history[1], insects developed unique fiber-based
devices—antennae—with built-in sensing, actuation, and analytical neural circuitry[2, 3] allowing
them to distinguish and decipher scents when searching for food or mates[2, 4-10], avoid obstacles
[11], detect air movements, and control flight[12-17]. Although olfactory behavior and
mechanisms of interactions of chemicals with the antennal sensilla and neural circuits have been
intensively studied [2, 4-8, 18-21], the effect of antennal positioning and active odor sampling has
only recently been recognized as an important behavioral feature [8, 22, 23].

The focus of previous studies has been mostly on the neuromechanics of olfaction where
different types of sensilla are the most important mediators coupling air flow and neural
circuitry[24, 25]. Flying insects, however, engage the entire antenna for mechanical sensing of the
environment. Experiments on antennal removal have become popular since the classic studies by
Johnson [26] in which bean aphid antennae, or parts of them, were amputated and replaced with
artificial antennae. Without antennae, the insect could not maintain flight or prevent crashing with
an obstacle. This conclusion was confirmed for locusts, cockroaches, hawkmoths, dragonflies, and

true flies[12, 13, 17, 26, 27], suggesting the importance of the antennal beam for insect survival.

Despite the importance of antennal flexibility [11-13, 24, 25, 28-30], the difference
between antennal behavior as a rigid rod or as a flexible beam is not fully appreciated in flight
neuromechanics[15, 25]. The rigid-rod model carries information about antennal direction with
respect to body direction [8, 15, 22, 23]. Within this model, the flying insect is assumed to sense
the torque exerted by the wind on the two basal segments of the antenna, the pedicel-scape pair.
For insects with short, stiff antennae much smaller than the insect body and forewing length, this
model could be sufficient to serve as the mechanical input for neuromechanical models of
environment sensing. The rigid-rod model, however, falls short when the antennae are long and
flexible, like those in hawkmoths. For these insects, the rigid-rod model may oversimplify sensory
cues because the torque on the pedicel-scape pair significantly depends on the entire antennal
profile. The insect probably analyzes prior information on the profiles of the bent and twisted
antennae under the wind load and rapidly relates it to the antennal profile at a given moment in

time. Only by integrating this information would the insect be able to evaluate the strength and
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direction of the wind and make decisions on how and where to maneuver to maintain stable flight

[13, 17].

We investigate whether hawkmoths (family Sphingidae) could use specific morphological
properties of their antennae to probe the wind direction, not at the level of a single sensillum but
at the scale of the entire organism. At this scale, the antenna works as a mechanical beam and
hence its inherent bending properties become critical [31]. We conducted a comparative analysis
of the antennae of four hawkmoths (Manduca sexta, Ceratomia catalpae, Manduca
quinquemaculata, and Xylophanes tersa) and related the morphology to flexural properties. The
morphology of hawkmoth antennae is unique and differs between males and females[32-35].
Ceratomia catalpae can fly but has a short proboscis and putatively does not feed on floral nectar

as adults. The three other hawkmoths have long proboscises and vigorously hover during feeding.

2. Materials and Methods

2.1 Studied species and measurements
We studied four hawkmoth species: Manduca sexta (n=13), Ceratomia catalpae (n=4), Manduca
quinquemaculata (n = 3), and Xylophanes tersa (n = 3). Manduca sexta and C. catalpae were
reared in the laboratory, following our standard procedures[36]. We captured the two other
hawkmoths, M. quinquemaculata and X. tersa, using an aerial hand net in the South Carolina
Botanical Garden (Clemson University) from August to October 2022.

To measure the length and width of the antennae along with forewing length (a proxy for
the size of the moth), we photographed dried, spread individuals in the Clemson University
Arthropod Collection (CUAC). We imaged individual antennae, using a Canon EOS 7D camera
with a Canon MP-E 65-mm lens and Helicon Remote version 3.9.7W. The length of the antenna
was measured from the base of the scape to the tip of the terminal flagellomere. We used the
‘segmented line’ in Fiji-Image] to measure antennae because it allowed us to evaluate not only
straight, but also curved structures (e.g., Fig. 2 f-m). We also divided the antenna into 5 sections:
“base”, “base-mid”, “mid”, “mid-tip”, and “tip” to represent five distances along the length. In
each of these sections, we measured the width of the dorsal side. These measurements allowed us
to infer the shape of the antenna along its entire length. We also measured forewing length as the

distance from the base of the forewing to its tip. We photographed at least 5 individuals of each
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sex, except for C. catalpae females (n = 2) (total N = 37 individuals). We performed all

measurements in Fiji-Imagel.

2.2 Scanning Electron Microscopy (SEM)
After experiments, the antennae were prepared for SEM. They were placed in a centrifuge tube
(VWR) with a damp piece of toweling to maintain moisture. On the day of imaging, samples were
placed in liquid nitrogen and then cut into cross sections. The cross sections were mounted on an
SEM stub with carbon-graphite adhesive tape. A Hitachi SU5000 VP-SEM was used, with the

BSE detector at an accelerating voltage of 15 kV or 20 kV in low-vacuum mode at 50 Pa.

2.3. Histology
After taking the live insect from the refrigerator, antennae were cut with scissors and fixed in 10%
neutral buffered formalin at room temperature for 3 days and prepared in a tissue processor for
paraffin embedding. Sections 5—7 um thick were cut with a Leica RM2255 microtome and
mounted on slides. The sections were deparaffinized, rehydrated, and stained with H&E
(hematoxylin and eosin), according to the manufacturer’s (Newcomers Supply, WI) instructions.

Images were captured using a Keyence BZ-X810 All-in-one inverted microscope.

2.4. Bending Test

We used microscissors to cut the antennae of live individuals between the pedicel and scape and
immediately proceeded to the bending test experiments (Table S1). To perform a bending test,
each antenna was placed in Dia-Stron brass crimps (Dia-Stron, UK) with its proximal end in the
crimp; the distal end of the antenna was free to move. The brass crimp was placed on the corner
of an elevated surface, with double-sided tape underneath to constrain the tube. The antenna was
parallel to the ground, taking on the appearance of a cantilever beam (Figure 1a). A string with a
weight at the end was hung next to the antenna as a reference for the direction of gravity. A portion
of the brass tube of known diameter that was not crimped was visible for reference of the tube end
position to ensure that all measurements followed the same boundary conditions (Figure 1b).

A set of 6-8 short copper wires of measured mass was prepared. A drop of adhesive
(Gorilla Glue) was placed on the most distal end of the antenna. The copper wires were placed on

the end of each antenna one by one while the process was recorded with a Point grey camera (FL3-
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U3-13S2C-CS) and Grasshopper Camera (GS3-U3-23S6C-C) and FlyCapture® software. The
relative weight of the copper wires was adjusted for each sample. For example, the larger Manduca
sexta required an average weight of the copper wires of ~0.017 g, whereas the smaller Xylophanes
tersa required a weight of ~0.006 g. Humidity in the testing room was 20—73% and temperature
was 22°C-26°C (Table 1 in Supplementary material ). For M. sexta, 10 antennae were probed by
bending them toward the dorsal and ventral sides. Three additional specimens were bent toward
the dorsal side only and 3 more were bent toward the ventral side only. Five male antennae totaling
14 measurements and nine female antennae totaling 21 measurements were tested by bending the
antennae perpendicular to the dorsoventral axis tested. Ceratomia catalpae had 4 trials toward the
ventral side and 4 toward the dorsal side, whereas M. quinquemaculata and X. tersa had 3 trials
each toward the ventral and dorsal directions. In all cases, antennae remained in the plane of

bending. No spontaneous twisting of antennae was observed (Fig. 1c¢).

Fixed End

Free End

Figure 1. a) Cantilevered beam as an antenna model. In free flight, one end of the beam (blue dot)

is free to move, and the other end (red dot) is fixed at the insect head. b) To study bending
properties, the extracted antenna was fixed in a brass tube of known diameter (red dot) and a

known weight W was attached to the other end of the antenna. In a Cartesian system of
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coordinates, the antenna is bent in the (xy)-plane about the z-axis. The position along the antenna
is measured by the arclength s, starting from the fixed end where s = 0. In the Euler elastica
equation (1), an auxiliary angle v was introduced. This angle w(s) is defined as the angle that
the tangent line to the outermost dorsal side of the antenna at point s makes with the y-axis. The
angle y(S) is defined as the angle that the tangent line to the outermost dorsal side of the antenna
at point s makes with the x-axis. It is defined as positive when the antenna bends toward the dorsal
side and negative when it bends toward the ventral side. c) Example images of antennal loading
for male Manduca sexta towards the ventral side (upper row) and the dorsal side (lower row). The
arrow points to a string indicating the direction of gravity. The wire diameter at the antenna end
is 0.33 mm. One frame from the video of dorsal bending was shifted up to illustrate the full antennal
bow in the last image in the lower row. The images confirm that the antenna remains in plane and

does not twist during loading.

2.5. Contour extraction
Once the videos were obtained, screenshots of each antenna with its weight were obtained using
Microsoft’s snipping tool. Each of these images was individually analyzed in LabVIEW (N12020),
with the contour being traced and exported into a .txt file. Due to a lack of available histology data,
the second moment of inertia (SMI), I*, for bending about the z-axis perpendicular to the antenna
axis was taken as constant. The SMI was marked plus, I*, when bending was toward the dorsal
side of the antenna and minus, /™, when it was toward the ventral side. Because no spontaneous
twisting of antennae occurred (Fig. 1c), we used the beam equations for 2D bending. Therefore,
the antenna bending equation was reduced to the Euler elastica equation written for each direction

of bending as [29, 37]:

Ert = () -wsiny =0, EI- = (%) -Wsin y = 0. (1)

where W is the applied weight, E is Young’s modulus of the antenna obtained from the tensile
test, s 1s the arclength measured from the point of antennal attachment, and i is the angle defined
in Fig. 1. These equations were used in MATLAB to fit and estimate the flexural rigidities f*=

EI" and f"=EI". For each guessed value f t we numerically solved the Euler elastica equations

T

(1) by the shooting method[38] with two initial conditions y(0) = > Z—ZI (0) = u. The parameter
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u was changed until the condition at the antenna tip, s = L, Z—Z’ (L) = 0, where L is the length of

the antenna, was satisfied. We then compared the theoretical solution with the experimental

contour. If the theoretical contour did not fit the experimental one with the required accuracy, we

searched for a new flexural rigidity f * . These iterations continued until the accuracy criteria had

been satisfied. The details can be found in the Supplementary material.

2.6. Second moment of inertia
To measure the second moment of inertia (SMI), the in-house MATLAB programs were developed
to extract the contour and calculate the SMI. Using the MATLAB built-in edge detection algorithm
in the Image Processing Toolbox, we developed the code to calculate the SMI. Once the contour
was obtained, the code created a triangular mesh and provided the coordinates of the vertices. The
coordinates were then processed to obtain the center of mass, area, and tensor of the second
moments of inertia. The contours can be adjusted, and additional contours of interior elements

could be added for exclusion in the SMI calculation.

2.7. Tensile testing

Tensile testing was done on a Micro Tensile Tester 2000 (Rheometric Scientific, US). The
antennae were cut and placed on a C-shaped piece of paper with the middle of the antenna in the
gap of the paper, and the ends were glued on the paper. The glue was applied so that it did not
enter the antenna through the cut. The specimen was then placed in tensile clamps with thin pieces
of cardboard to secure it. The portion of the C-shaped paper that bridged the two ends was cut so
that the antenna was the only bridge between the clamps. While one end of the antenna remained
fixed in a clamp, the other end was clamped to a moving stage that pulled the antenna, with tension,
at a rate of 2 mm/min until the antenna broke. Tensile testing was recorded with Minimat software
and saved to an Excel file for plotting. All antennae were tested at 22°C and 65% humidity to
obtain the strain €5 = (L — Ly) /Ly, where L is the length of antennal piece at the given load, L,
is the initial length of the antennal bridge between the clamps.

Measurements of the flagellomere cross-sectional area A were obtained after an antenna
was fractured in the tensile test; the thickness was evaluated at the crack, using a Huvitz light

microscope (Model HR3-TRF-P). Five measurements were taken on M. sexta and were compared
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with previous results to confirm that the measurements fell within the standard deviation[39].

Antennae of the other three hawkmoths were processed similarly. The stress was calculated as

Oss = Z» (2)

where F is the force and A is the area of the cuticular shell.

To find the elastic modulus E, we grouped all data points for male antennae, and similarly
but separately for female antennae, to find an average stress 027 and strain 27¢* at the point
of antenna break. Then the stress and strains were normalized by the stress and strains at the point
of the antenna break and the normalized stress-strain relations were generated. The normalized
data were fitted with third-order polynomials. Visualization of antennal behavior during testing
showed that at very small strains, the antennae straightened at almost zero stress. We found that
the actual loading starts when the normalized strain in our dataset becomes greater than €;,= 0.15.

Therefore, the obtained polynomials were used to calculate the elastic modules by taking

derivative dogs/d €5, at €5,= 0.15 as

E = (obreak jgbreaky . (do . /d €s) at €55= 0.15. (3)
3. Results

3.1. Shapes of male and female antennae differ
The antennae of hawkmoths conform to the insectan ground plan, with a scape, pedicel, and
flagellum [40] (Fig. 2). In addition, they are pectinate or comb-like; thus, they are not axisymmetric
but instead are more strongly expressed toward the ventral side as pectinations, markedly so in
males. The approximately 14,600 species of hawkmoths[41, 42] have a wide diversity of shapes
and forms. Within the same species, male and female antennae differ in shape and length, with
male antennae typically shorter and more comb-like than those of females [33-35, 43] (Fig. 2).

In all studied species, male antennae were widest at mid-length (Fig. 2f~m). The shape of
female antennae, however, varied across species. Two species had clublike antennae that increased
in width toward the tip (Fig. 2h, 1); two other species had a shape similar to that of males (Fig. 2f,
7). Thus, sexual dimorphism in overall antennal shape is expressed only in some species.

Male antennae are longer than those of females in our studied species, both with respect to
overall body size and forewing length (Fig. 3 o, p). The shape and size differences between male

and female antennae were not the same across species: males and females of the two Manduca
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species had a much larger difference compared with C. catalpae and X. tersa, but all were sexually

dimorphic.

(f) - (e} (h)y ()Y (i) (k) (1) (m)

590y

e

Figure 2. a) Schematic of the antennal ground plan of a generalized insect. Only the first two

segments of the antenna, the scape (S) and pedicel (P), have muscles. The rest of the antenna, the
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flagellum, is muscle free. The flagellum consists of a series of flagellomeres. Internal pulsatile
organs pump blood (hemolymph) into the antenna through the antennal vessel, which terminates
near the tip where hemolymph flows back to the head and moves through the lumen (hemocoel).

b) Manduca sexta. c¢) Ceratomia catalpae. d) Manduca quinquemaculata. e) Xylophanes tersa. f)

Female and g) male antennae of Manduca sexta. h) Female and i) male antennae of Ceratomia

catalpae. j) Female and k) male antennae of Manduca quinquemaculata. |) Female and m) male

antennae of Xylophanes tersa.

3.2. The shapes of flagellomere cross sections of male and female antennae differ

The shape of flagellomeres significantly affects the mechanical properties of antennae. The
greatest difference between the sexes is in the antenna cross sections. The two sides of the antennae
also differ [21, 39]; the dorsal side is covered with scales that can be easily removed. The
flagellomeres of females are almost circular in cross section, whereas those of males have an
expansion of the ventral cuticle in the shape of a keyhole (Figs. 3 g.j; 4). This expansion of multiple
flagellomeres constitutes the pectination, which is well developed in males but less so in females.
Hairs (fasciculate setae) on the ventral side of the flagellomeres of male hawkmoths are sense
organs that serve various functions [33-35, 43]. In contrast, on the ventral side of female antennae

the hair-like sense organs are much shorter.

10
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Figure 3. Quantitative metrics of sexual dimorphism in hawkmoth antennae. (a—d) Antennae of studied
hawkmoths. (e—j) Antennal features of the antennae of Manduca sexta (e—g female, h—j male). (e, h) Lateral
view. (f, i) Dorsal side view. (g, j) Flagellomere cross-sections and definitions of the width and length of
pectinations used in the analysis. Measurements were taken for at least three flagellomeres per sex per

species. k) Manduca quinquemaculata, [) Manduca sexta, m) Ceratomia catalpae, and n) Xylophanes tersa.

Mean width (w) of flagellomeres in each section of the antennae. o) Average length (1) of antennae across
species. p) Antenna length divided by forewing length across four species of hawkmoths. Dots represent

the mean, bars the standard deviation, and numbers above bars the number of individuals measured.

L Connecting
% ~‘membrane
-8

Chamber

Figure 4. Sexual dimorphism in hawkmoth antennae. (a—f) Scanning electron micrographs. (a—c) Antenna

of Manduca sexta male. (d —f) Antenna of M. sexta female. (a, d) Antennae were cut through the membrane

12



263
264
265
266
267
268
269
270
271
272

273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292

separating adjacent flagellomeres as shown in (g, h). The cuticular wall of the chamber remained intact,
(a, d) the antennal lumen housed the antennal vessel, tracheae, and nerves, which collapsed on the cuticular
wall after drying. (a) Long fasciculate setae are attached to the elongated chamber. (b, ¢) Lateral view of
a straight section of antenna. (c, f) Lateral view of a bent section of antenna, inset in (f) shows the antennal
arc. Flagellomeres spread apart on the outer curve when the antenna is bent from the ventral side toward
the dorsal side. (h) Histological section of the male antenna of M. sexta through the connecting membrane,
as shown in (g). The cuticle of the connecting membrane encloses a smaller area of the hemocoel. (i)
Histological section of the male antenna of M. sexta through the entire flagellomere, as shown in (j). The

flagellomere cuticle encloses a larger area of the hemocoel; tissue is visible in the chamber.

3.3. Flexural rigidity

The flexural rigidity f F=E*in eq (1) characterizes the bending properties of the beam-
like structures [31-33]. In this product f, the elastic modulus E reflects the materials properties of
the cuticle, which may be anisotropic and dependent on the orientation of chitin crystals in the
cuticle [34-37]. In tensile tests, this anisotropy cannot be revealed; therefore, we take E as a
constant. The second moments of inertia I reflect the structural organization of the antenna and
can also be anisotropic [31].

As follows from the Euler elastica model, the antenna profile is controlled by a single
dimensionless parameter T = WL?/f = WL?/(EI). The greater the parameter 7 , the more bent is
the antenna (Fig. 5a). For a fixed weight W and antenna length L, the antennal flexibility is judged
only by its flexural rigidity f = EI: the smaller the EI, the more flexible is the antenna (Fig. 5a).

The experimental profile of each antenna was fitted with the theoretical profile, using the
Euler-elastica model (Fig. 5b). Afterwards, we averaged the f values obtained for each individual
and, for M. sexta, we tested if the sex of the individual and the bending direction influenced f
values. To do so, we used an ANOVA, with f as our dependent variable and sex (two levels, male
and female), bending direction (two levels, dorsal and ventral), and their interaction as our
independent variables. To understand where the significant differences resided, we used a Tukey

HSD test as a post-hoc test.
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Figure 5 a) Theoretical profiles of antennae for different T . b) lllustration of the best fit of the antenna

profile with the Euler elastica model. The antenna of Manduca sexta is shown on the background, and its

dorsal side is contoured by the orange line. The blue curve is the Euler elastica fit. The flexural rigidity

was f = 1.04nN - m?2.

Table 1. Flexural rigidity of Ceratomia catalpae, Xylophanes tersa, Manduca quinquemaculata, and

Manduca sexta.

toward the

ventral side

Ceratomia Manduca Xylophanes Manduca Manduca sexta
catalpae quinquemaculata | tersa sexta (Male) (Female)
fHnN-m?),
antenna is bent | ) 1 0.014 | 158+ 1.68 | 0.08 + 0.03 | 1.05 +0.47 | 1.89 +034
toward the
dorsal side
f~(nN -m?),
antenna is bent | 0.03 + 0.02 2.07 £ 1.95 0.67 + 0.53 | 1.45 +0.31 2.81 +0.86
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i s Figure 6. Average flexural rigidities of the antennae of Manduca

Female sexta. The flexural rigidity depends on the direction of bending and
o sex of the hawkmoth.

We found significant sexual dimorphism in EI, showing that sex is

an important factor in how antennae bend in hawkmoths ANOVA;

I
{

F3,10 = 4.709, p = 0.027, R = 0.4612; Fig. 6). The post-hoc test

i indicated that female antennae are stiffer than male antennae
l (Tukey HSD; p = 0.008). Specifically, female antennae were stiffer
when bending to the ventral side (Tukey HSD; p = 0.02). All

Dﬂ-n'rﬁ al . Ueﬁtral antennae resisted bending toward the ventral side where the

310  pectinations are located. For example, when the antennae of males
of Manduca sexta were bent toward the ventral side, the average flexural rigidity was f =
1.45 nN - m?, whereas toward the dorsal side it was f = 1.05 nN - m?. The flexural rigidities for
bending toward the ventral side in M. quinquemaculata, M. sexta, and X. tersa were of the same
order of magnitude f o< 107° N - m?. Resistance for bending toward the dorsal side changed
among species. Among the 4 species, C. catalpae had the most flexible antennae, with flexular
rigidity about two orders of magnitude lower than that of the others, f « 1072 nN - m2. Modeling
the closing or opening of the V-angle of the antennal pair, we placed the antennae to face the
camera either dorsally or ventrally. Bending the antennae of M. sexta perpendicular to the
dorsoventral axis showed no statistically significant difference between males and females. Males
had an average of f = 1.47 nN - m?, whereas females had an average of f = 1.60 nN - m?.
ANOVA: for the males p=0.929, for the females, p=0.439, between all of the males and females,
there was also no difference, p = 0.569. Thus, the flexural rigidity of antennae in the V-plane was

lower, suggesting that antennae should be more reactive to wind gusting in the V-plane.

3.4. Tensile properties of antennae of Manduca sexta

To distinguish the contributions of materials properties of the antenna to flexural rigidity, we
studied the tensile properties of the entire antenna. The test does not allow evaluation of the
anisotropic properties of a single flagellomere but gives information on the mechanical reaction of

the entire antenna to stretching. In a previous study[39], male and female antennae were analyzed
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together, without attention to their structural differences. We detail the differences to evaluate how

the tensile properties change between males and females.

Stress-strain relationships confirm that antennae of males and females do not indicate plasticity

(Fig. 7). At small deformations, the antennae of males and females behave as a Hookean material.

The average elastic modulus of male antennae is greater than that of females (Table 2).

(@

s T

of Manduca sexta.

Figure 7. Characterization of the stress-strain
relationship for antennae of Manduca sexta. Along the
vertical axis is dimensionless stress, G, defined as the
ratio of stress normalized by the stress at the point of
antenna break. Along the horizontal axis is the strain
€, normalized by the strain at the point of antenna
break. The average trend lines are shown as solid
curves. a) Males and females grouped together, the
trendline is represented as Oss =
0.3260 * €55> — 0.8098 * €54 + 5.6656 * €55 + 0.6313;
b) Males, the trendline is represented as Ogg =
0.2522% €% —0.3811% €42 +3.9195% €5 +0.6234;. ¢)
Females; the trendline is represented as Ggs =
0.2455 * €5 —0.7884* €52 +4.0934* €5 +0.6393.

Table 2. Average Young’s modulus for antennae

Young’s modulus measured with
hemolymph inside (GPa)
A"(T\;Iaaglg E 0.10+0.03
Range (Male) 0.05< E<0.17
Average, E (Female) 0.08+0.02
Range (Female) 0.05< E<0.12
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Table 3. Average stress and strain at break for antennae of Manduca sexta.

Male Female
Average stress (MPa) | 8.33 +4.06 6.61 +£2.72
Average strain (%) 14.61 +4.84 | 13.46+3.98

3.5. Connecting flexural rigidity with histology

The structural contribution to flexural rigidity comes from the second moment of inertia of the
flagellomeres and connecting membranes. The cuticular walls of the flagellomeres and connecting
membranes taking up the load are distinctly shaped (Fig. 4g—j). When the antenna is bent toward
the ventral side, the pectinations come together and press against one another. The antenna in this
case reacts to bending as a continuous beam without pectinations, but its shape follows that of the
individual flagellomeres. In contrast, when the antenna is bent toward the dorsal side, the
pectinations spread apart and the main load is taken up by the connecting membranes (Fig. 8).

We validated the experimentally measured flexural rigidities by calculating flexural rigidity,
using the experimental Young’s modulus and analyzing the second moments of inertia for
pectinations and connecting membranes from histology. The main problem with calculation of the
second moment of inertia is the difficulties in obtaining images of the antennal cross-section that
contain the connecting membrane and pectination. Also, the flagellomere cross-section changes
along antennae; therefore, with a few images per antenna, we can only provide an order of
magnitude estimate of the average second moment of inertia. The histology of antennae requires
special attention, particularly achieving a cross-section at the connecting membrane between
flagellomeres (Fig. 4g) and will be discussed elsewhere.

The explanations of the numeric algorithm for calculation of the second moments of inertia are
given in the Supplementary material. While the match between theoretical and experimental

flexural rigidities is not ideal, the trend is confirmed (Table 4).
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Difficult to
bend

Easier to
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Figure 8. Schematic of antennal reaction to wind load. The direction of the wind is shown by the arrows,
and the pectinate antennae of hawkmoths is modeled by a comb. a) When the wind bends antennae from
the dorsal to the ventral side, the flagellomeres (like the comb bristles) come together to resist the load.
The stress is distributed over the entire flagellomere cuticle. Thus, the triangulation area for calculation of
the moment of inertia embraces the entire cuticular wall of the flagellomere highlighted in pink in the
histological section and reflected in the schematic on the far right. b) When the wind bends antennae from
the ventral to the dorsal side, the flagellomeres spread apart and the load is distributed mostly on the
connecting membranes. Thus, the triangulation area for calculation of the moment of inertia embraces only
the cuticular wall of the connecting membrane highlighted in pink in the histological section and reflected

in the schematic on the far right.

Table 4. Comparison of calculated theoretical and experimental flexural rigidities. The average second
moment of inertia, I, is calculated from histology images. The standard deviations (STDEV) from the
averaged I* are shown in a separate column. The average Young’s modulus E taken from Table 2 were
used to calculate theoretical flexural rigidities f* = EI% for bending antennae about the z axis toward the
dorsal (plus) and ventral (minus) directions. The experimental values are shown for comparison.
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Average Average Average
Number Ii’ from Average theoretical experimental
of | Sex and direction of | histology | STDEV experimental fir fir
images | bending (mm*) (mm?*) | E(GPa) (nN - m?) (nN - m?)
Male, bending 0.0139 0.002 1.39 1.45
5| toward ventral side 0.10
Male, bending 0.0082 0.82 1.05
1| toward dorsalside
Female, bending 0.034 0.08 2.70 2.81
2 | toward ventral side
Female, bending 0.016 1.28 1.89
1| toward dorsalside

4. Discussion

The neuromechanical response of hawkmoth antennae to environmental perturbations suggests
that the flagellum reacts to the wind as a rigid rod pivoting at the antennal base where the first
segment (i.e., scape) articulates with the head capsule, and the torque exerted by the wind on the
flagellum is detected by sensing organs at the flagellum—pedicel-scape joints [3, 14, 15, 17, 22,
23, 40, 44, 45]. Hawkmoth antennae have been suggested to work as gyroscopes without which
stable flight and hovering would not be possible [17]. These conclusions were based on a 2D
analysis of the V-angle dynamics of antennae. Manduca sexta with amputated antennae can take
off and fly [46], raising questions about the gyroscopic nature of antennae and the critical role of
antennae in flight control. The rigid-rod model, while attractive for its simplicity, does not fully
appreciate the diversity of antennal morphology and associated movement dynamics. The lack of
mechanical analysis of the 3D movement of antennae prevents interpretation of our results in the
context of the role of antennae in flight stabilization.

We suggest that hawkmoths take advantage of their pectinate antennae to sense the strength
and direction of the wind and wind-borne olfactory cues (e.g., pheromones). As we have shown
for all tested species, flexural rigidity is greater when the antenna is bent toward its ventral side.
Thus, the antennae could easily be flexed toward the dorsal side, exposing sensory organs there to
wind gusts. In forward flight when upwind disturbance from flapping wings decreases, the wind
direction can be probed by the wind-facing sensilla[16], allowing male hawkmoths to track odor
plumes. Our results allow us to evaluate this idea by estimating antennal deflections, using a model

of a cantilevered beam[47], after first determining when the antenna can be modeled as a rigid rod.
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The antenna as a rigid rod. For the rigid-rod model, we assume that the antennal tip does not

deflect appreciably with respect to the pedicel-scape pair at the base. The tip deflection of the

initially straight antenna on a load w, distributed uniformly over its length L, is [47]:

5 = wL*/(8f). 4)

We first consider the antenna deflection by its own weight, assuming the antennal cross section is
constant; for this case, w = g(PwauAwair + PremotymphAnemocoet), Where g is the acceleration
due to gravity, p is the density, A is the cross section, and the indices specify the objects. For an
order of magnitude estimate, we set Pyai = Phemotymph = Pwater = 10° kg/m?, then Ayqy +
Anemocoer = 4, the area of the antennal cross section including the cuticular wall and hemocoel.
For an upper order of magnitude estimate, one can use the width W and height H of the largest
flagellomeres to get A < W - H. For example, the tip deflection of the antenna of males of M. sexta,
with A = 2.4- 1078 m?, is estimated as § < g * pyater * A * L*/(8f) =~ 1.6 - 1073 m. Thus, under
its own weight, the antennal tip deflects less than ~10% of its length. In this scenario, the rigid-rod

model can be used for the description of antennae in still air.

Estimation of antennal deflection by aerodynamic forces. To apply eq. (4) to the estimation of

antennal deflection, we need to specify the regime of the air flow around antennae, whether it is
controlled by inertial or viscous forces. For an upper estimate of the dynamic load, we consider
the most vigorous forward flight where antennae are subject to a strong wind with velocity U that
could be as high as U~1 — 4 m/s for M. sexta [16, 46]. In the inertia-controlled regime of air

flow, air viscosity 7, plays no role; in contrast, for viscosity-controlled air flow, the air density

Pair Plays no role[48]. Accordingly, the drag on the antenna in the inertia-controlled regime is
proportional to the velocity squared, whereas in the viscosity-controlled regime it is linearly
proportional to velocity[24, 48].

To evaluate the flow regime, we calculated the Reynolds number for flow associated with
rotation of antennae about the z-axis. Thus, one needs to classify the regime of quasi-two-
dimensional flow past each flagellomere. If U is the magnitude of the air velocity in the direction

of forward flight, and the antenna is tilted by angle y with respect to the flight direction, the
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magnitude of velocity perpendicular to the antenna considered as a rigid rod is U, = U - siny.
Thus, the smaller the tilt angle y, the smaller the velocity U; = Uy. The Reynolds number is
defined as Re = pg; " U - tany - H/n,,., where H is the largest flagellomere dorsoventral length

as defined in Fig. 3g, j. For males of M. sexta, the largest flagellomere length including fasciculate

setac is H~ 1 mm; using 17 . /Pair = 1.5+ 107>m? /s for the air at 15°C, and taking U = 4 m/s,

air
we estimate the Reynolds number as Re = 0.66 - 10% -4+ 1073 - siny -= 2.6 - 102 - siny. Thus,
for the small tilt angles y < 0.01 (or y < 1°), the air flow is mostly controlled by air viscosity. For
larger angles, it is controlled by air inertia.

We were not able to find data on dorsoventral deflection of antennae in flying hawkmoths. The
focus of research so far has been on analysis of sidewise deflection of antennae changing the V-
angle of the antenna pair[15, 17]. During forward flight, the sidewise drag on antennae is
significant, as the antennae are appreciably angled with respect to the flight direction. The
Gewecke-Heinzel theory[28], allowing evaluation of the torque on the pivot of a rigid-rod, has
been used so far as an input for a neuromechanic model of antenna flight control[15].

In contrast to the V-positioning, the dorsoventral posture of antennae could be in the plane of
the upwind flow. This posture may not be stable, as small fluctuations of the antenna profile could
be amplified by the aerodynamic force. At small deflections from the straight antennal
configuration, the velocity component normal to the antenna direction is proportional to siny, or
to sin y~y. While the antennal deflection could be small, eq.(4) cannot be directly applied to find
it because the drag w depends on the local deflection y(s) that has to be determined.

For a steady forward flight, we need to use the force balance like that in eq.(1), but modify it
to include the aerodynamic force [49] as shown in the Appendix. The results of these calculations
showed that the straight antenna is not stable and is subject to bending when the upwind velocity

becomes greater than the critical value

Ut = V2EI*/ ’Z_j'pair - AL, (5)

where C(y) is a drag coefficient of the antenna, limiting the lift force as a function of the angle of

attack y, A is the cross-sectional area, and L is the length of the antenna. For an order of magnitude

. o . . o d
estimate of the critical velocity, when this instability would first show up, we assume that d_)c, ~1,
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A~10"7 m? and L~0.1 m. This gives U¥~1m/s. Thus, at the velocities typically observed in
forward flight of hawkmoths[16, 46], one expects the antennae to deflect from their straight

configuration. For the deflection towards the dorsal side, the velocity barrier is lower than that for
. . . ut . .
the deflection towards its ventral side, == VIt /VI~. For M. sexta males, this ratio is about 0.9

and for females it is 0.8.

Biological implications of antennal properties. Hawkmoths can sense and control the antennal V-

angle [15, 17]; our estimates of the difference in the conditions for dorsoventral deflection in M.
sexta, while small, seem to be detectable by the same sensing organs at the pedicel-scape pair.
Therefore, flexural anisotropy of antennae could be useful for evaluation of the upwind strength
and fluctuations of the wind direction.

Nearly the same stiffness of male and female antennae points to the importance of antennal
morphology in setting up the sensitivity barriers for detecting upwind velocities. Flagellomeres in
female antennae are separated by narrow ~ 20 um gaps (Fig. 4¢), whereas these gaps in male
antennae are much larger, ~ 50 um (Fig. 4b). These antennae were imaged in their resting, straight
configurations. Thus, when bent towards the ventral side, the adjacent flagellomeres of females
come in contact almost immediately, making the antennal bow shallow, and offering a high
flexural resistance. In contrast, the adjacent flagellomeres with well-developed pectinations of
males have room to move freely until they contact one another. As a result, the male antennae
appear more flexible.

More flexible antennae could more easily differentiate small changes in the wind strength and
its direction. Electrical engineers named the “whip antenna”[50], probably drawing from insect
antennae that can move as a whip when perturbed. Like a flapping banner that reacts to a minute
change in the wind, the male antenna could respond to small changes in wind gusts when its speed
reaches the critical speed for instability development. To distinguish the same wind features, the
less flexible antennae of females would require greater differences in equation (5) for the dorsal
versus ventral deflection.

Despite simplicity of the idealized model, equation (5) provides an important relation between
the antennal materials properties and morphological characteristics. The model ignores antennal
deflection in the plane of the air stream changing the V-angle. Moreover, hawkmoth antennae are

not axisymmetric, and are prone to twist. The asymmetry of the antennal cross section implies that
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the aerodynamic loading cannot be reduced only to external forces: one cannot ignore the
aerodynamic torque acting to twist the antennae[49]. Future 3D visualization of antennal
movement during flight is necessary to examine whether antennae experience twisting, and, if so,
how the insect deals with it.

Dimorphism in insects manifests in various characters including size, ornamentation,
coloration, and weaponry[40]. The structural differences of antennae between male and female
hawkmoths have long been known[33-35, 51]. The distinct flexural rigidities bring together the
morphological features and biomechanics associated with feeding and mating. Males and females
of most hawkmoth species feed on floral nectar and share many of the same nectar sources, but
their foraging behavior differs, with males typically flying longer distances than females [52]. The
forewing shape of male hawkmoths suggests adaptation for faster flight, such as during mate
searching, whereas wing shape of females suggests adaptation for slower flight, perhaps during
host-plant searching for oviposition sites[53]. This dimorphism in behavior and wing structure
would be expected to have sex-differential consequences for antennae, given the different wind
speeds encountered and the executed maneuvers. The sensory system of male antennae should be
more robust, serving not only for searching for flowers but also for mates. Having more flexible
antennae allows male hawkmoths to swipe a larger air volume to detect a pheromone plume during
flight[51, 54]. Non-feeding hawkmoths, Ceratomia catalpa in our example, have the most flexible
antennae. Their antennae are not designed to withstand severe wind loads and are needed to screen
the air only for pheromones and perhaps host-plant cues for oviposition.

Insect antennae vary dramatically in structure but can generally be categorized as one of 10
forms, pectinate among them[55]. Although the functional value of some antennal forms, such as
plumose antennae for enhanced capture of air-borne chemicals, is well documented, that of other
forms lacks experimental evaluation. Pectinate antennae have evolved multiple times in
taxonomically diverse taxa, such as beetles and moths. We recognize that this antennal form might
serve different functions in insects, such as in flying versus nonflying insects, but we also expect
that the effects of bending toward the pectinations would be similar.

We emphasize that antennae and flight are strongly associated; wind currents produced by the
wings have consequences for the antennae and their ability to provide optimal sensory function,
including feedback to control flight. Rapid shifts not only in the direction of flight, but also from

forward flight to swing-hovering flight in hawkmoths cause antennal deformations. The pectinate,
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yet robust, antennae of these moths represent an evolutionary compromise between the conflicting
demands of rapid flight (up to 5.3 m/sec [56]) and sensing of food, mates, and host plants. Thus,
we suggest that wing shape and antennal form represent an example of correlated evolution, with
hawkmoth antennae the result of an evolutionary compromise between selection and
counterselection. Speed and maneuverability have evolved in the context of maintaining a highly
sensitive yet stable sensory system. Increased antennal surface area translates to more sensilla,
such as fasciculate setaec in male hawkmoths, but carries the risk of increased drag and wild
oscillations of the antennae. When these pressures are relaxed, antennal plumosity for greater
sensing capability reaches the zenith of development in the giant silk moths (family Saturniidae).
Giant silk moths are the sister clade of hawkmoths but have large wing to body ratios that translate
to an entirely different flight strategy based on slow, high-amplitude wing strokes [57]. These
flight characteristics would create less antennal drag and perturbation during flight, minimizing
the need for air-flow control during typical flight conditions. Hawkmoths routinely deal with
changes in air flow created by wing flapping, wind gusts, and the wake of flowers produced during
hovering[58] Additional environmental factors, such as rain, compound the risk of antennal
perturbation. We have, for example, observed hawkmoths flying and foraging during light to heavy
rains. Accordingly, robust antennae with pectinations that offer anisotropy to damp deformations

would be expected to broaden the environmental conditions under which hawkmoths can fly.

An examination of insects in diverse groups would be profitable in revealing the extent of non-
axisymmetric antennae, anisotropy, and the adaptive significance of antennal form in the context
of behavior. Longhorn beetles (family Cerambycidae), for example, offer a model taxon for
exploring the biomechanics of antennae. These beetles exhibit a range of antennal forms in which
anisotropy would be expected, particularly in those with exaggerated pectination such as some
species of the genus Prionus. We predict that antennal anisotropy, manifesting context-dependent

advantages, will be widespread among insects.

From engineering standpoint, our work offers promising new applications of shaped fibers[59] as

mechanical sensors.

Conclusion
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Our comparative analysis of mechanical properties of hawkmoth antennae revealed a new feature:
resistance to bending toward the dorsal side is less than that toward the ventral side. The pectinate
antennae of hawkmoths behave as a comb in which the bristles resist bending when they come
together. The bending properties of antennae in males and females differ, broadening the range of
sexual dimorphism in Lepidoptera. Although the lack of 3D visualization of antennal behavior
during flight prevents predictive modelling of the neuromechanics, we established a reference for
future studies that would bring together the mechanical response of antennae to aerodynamic

loading and the neural response to controlling flight.
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Appendix

Consider an idealized case of a velocity field U parallel to the antenna axis, the x-axis in Fig.1.
In an unperturbed state, the antenna is straight. As the insect moves its head, the antenna is
allowed to deflect from the original configuration and we question at which velocity antenna
flapping is expected. In a steady state flight, the antenna profile is described by the following
equation[49]
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d (dy* dc
fra(E)rart=0. = (paU? Ar2, (A1)

where in eq.(1) we expressed y as y(s) = g + y*(s) and replaced the weight on the antenna

end with the aerodynamic force; C is the lift coefficient which is a function of the angle of attack

y defined in Fig. 1, A is the cross-sectional area of a flagellomere. The solution of eq.(Al) is
y* = A% cos(B*ts) + B sin(B*s), where B+ =a/VEI* . (A2)

Assuming that the flagellum is fixed at the angle y(0) = ZE and no bending is acting on the

antenna free end, we set up the following boundary conditions for eq.(A2)
dyt
yt0) =0, ==(L)=0. (A3)

Substituting eq.(A2) in eqs.(A3), we find

A* =0, cos(B*L) = 0,=> B*L=Z+mnn=0123... (A4)

Thus, the first nontrivial solution will appear at n=0, corresponding to the velocity

Ut =VEI¥/ /%  Dair - AJ2. (A5)

The small deflections ut(x) are determined from equation y£(s) ~ y*(x) =~ du®/dx and

condition u*(0) = 0 as
u*(x) = £(B*/B*)(1 - cos(f*x)), (A6)

where BT needs to be found from the second order approximation. Equation (A6) shows that the

perturbed antenna is prone to form a profile corresponding to a quarter period of a cosine function.
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Table S1. Summary of experimental conditions during which MicroTensile Testing was conducted on

hawkmoth antennae.

Experiment Humidity Sex Capture Emergence
Sample # Date Temp (C) (%) Date Date
Manduca sexta

33 9/14/2022 26 56 M n/a 9/5/22

10

22 8/12/2022 22 70 M n/a n/a

21 8/12/2022 22 70 M n/a n/a

34 10/12/2022 24 54 F 10/10/2022 n/a

35 10/14/2022 23 38 M 10/7/2022 n/a

36 10/14/2022 23 38 M 10/7/2022 n/a

37 10/19/2022 23 20 F 10/7/2022 n/a

38 10/21/2022 23 25 F 10/10/2022 n/a

39 10/21/2022 23 25 F 10/10/2022 n/a

40 10/21/2022 23 25 F n/a 10/7/2022
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777

778

779

780

781

782
783

42 11/30/2022 23 51 n/a 11/22/2022
43 11/30/2022 23 51 n/a 11/22/2022
Ceratomia
catalpae
22 7/29/2022 22 73 7/24/2022 n/a
20 8/1/2022 22 72 7/24/2022 n/a
21 8/1/2022 23 68 7/28/2022 n/a
24 8/2/2022 22 70 7/28/2022 n/a
Xylophanes tersa
1 9/7/2022 23 66 9/1/2022 n/a
2 9/7/2022 23 66 9/1/2022 n/a
3 9/7/2022 23 66 9/1/2022 n/a
Manduca
quinquemaculata
1 9/7/2022 23 56 9/14/2022 n/a
2 9/7/2022 23 56 9/14/2022 n/a
3 9/7/2022 23 58 9/14/2022 n/a
Shooting method.
The Euler elastica equations are:
f % (d—y/) —W sin = 0, dx/ds=siny, dy/ds=cos i (S1)

ds

We rewrite egs.(S1) as a system of four dimensionless 1% order differential equations by

introducing s = LS,x = LX,y = LY,t = WL?/f:
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(Z—Z’) =, Z—z = 7sin , dX/dS=siny, dY/dS=cosy. (S2)

With the four equations, three initial conditions are known.

w(0) = g,X(O) =0,Y(0)=0 (S3)

.. . d . . .
And one condition is unknown; we set d—;’ (0) = u where u is an arbitrary parameter which must

be obtained by integrating (S2)-(S3) until the condition Z—ISV (1) = 0 is satisfied. The equations are

solved using the ODE45 function provided in MATLAB, and this is run through every iteration

of the loop until the last value Z—;’ (1) = 1075 for the curvature is reached.

To ensure that the experimental X-values line up with the values from the shooting method,
the numerical data were interpolated to provide a continuous function. Linear interpolation
involves estimating intermediate values between the two known data points using a straight line.
This allowed for smoother transitions, more accurate representation of data, and a more accurate
method of comparing the two data sets. As seen in Figure S1, the interpolated data have the same

trend to the original data from the shooting method.
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Figure S1: A4 plot of the shooting method coordinates before and after interpolation.

Calibration with the Polynomial Solution

To verify that the shooting method is working correctly, a polynomial solution is derived and

compared to the results of the shooting method. Introducing the inclination angle § as = g )

and considering small deflections, § < 1, we have

sin ¥ = sin G— 6) =cosd = 1 cos = cos G— 6) =sinéd = &, (S4)
Substituting eqgs.(S4) in eqgs.(S2), we have dY/dS = dY/dX= § . Therefore,
LY =0 (S5)
dx

Equation (S5) was integrated three times:
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3
f[%+r=0]=> —X +a,

XZ
f[—TX + aldX => —T7+ aX + b,

[ES+ax+bldx =>v = X +aX +bx +c.
(S6)
Using the boundary condition Y(0) = 0 => ¢ = 0 and the second boundary condition
dY/dX(0) = 0=>b = 0 Finally, the remaining boundary condition % (1) =0givesa =T.
Thus, we have

x3 X2
Y = —T?+T7 (87)

Figure S2 shows the results of numerical solution and eq.(S7) for Tt =0.1.
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Figure S2: A plot Y as a function of X obtained by the shooting method and by the polynomial

solution (S6)
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The two functions are so similar that they overlap. This confirms that the shooting method does

an adequate job of solving the Euler elastica.

The goodness of fit

The goodness of fit was measured by the following equation:
f= ZEAXEG) = X)) = (¥ (s) = P(5))?] (S8)

where X and Y are the values of the actual data, and X and ¥ are the values from the shooting
method for each node i. For each tau-value in the Euler elastica, we have a single f-value,
eq.(38), representing the error of the given fit. This error in this case, f, for each tau value was
plotted in Figure S3. The Tau output with the lowest error value was chosen as the ‘best fit” and

then was further analyzed in a tighter numerical region to obtain higher accuracy.
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831  Figure S3: 4 plot of the fitting error, function f, as a function of tau obtained by the shooting

832  method for various tau values, where error is measured by (S7).
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Figure S4: Data on the sidewise bending of the antennae of M. sexta. The “dorsal” bars specify

experiments with the camera facing the dorsal side of the antennae, and the “ventral” bars

specify experiments with the camera facing the ventral side.
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