
RESEARCH ARTICLE

Tactile active sensing in an insect plant pollinator
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ABSTRACT
The interaction between insects and the flowers they pollinate has
driven the evolutionary diversity of both insects and flowering plants,
two groups with the most numerous species on Earth. Insects use
vision and olfaction to localize host plants, but we know relatively little
about how they find the tiny nectary opening in the flower, which can
be well beyond their visual resolution. Especially when vision is
limited, touch becomes crucial in successful insect–plant pollination
interactions. Here, we studied the remarkable feeding behavior of
crepuscular hawkmoths Manduca sexta, which use their long,
actively controlled, proboscis to expertly explore flower-like surfaces.
Using machine vision and 3D-printed artificial flower-like feeders, we
revealed a novel behavior that shows moths actively probe surfaces,
sweeping their proboscis from the feeder edge to its center repeatedly
until they locate the nectary opening. Moreover, naive moths rapidly
learn to exploit these flowers, and they adopt a tactile search strategy
to more directly locate the nectary opening in as few as three to five
consecutive visits. Our results highlight the proboscis as a unique
active sensory structure and emphasize the central role of touch in
nectar foraging insect–plant pollinator interactions.

KEY WORDS: Mechanosensory feedback, Tactile sensing,
Proboscis, Hawkmoth, Learning

INTRODUCTION
Insect–plant pollination interactions have shaped the spectacular
diversity of both plants and insects. The ability of insects to pollinate
flowering plants has been one of the forces driving the rapid
evolutionary diversification of angiosperms (Grimaldi, 1999;
Crepet, 1996; Kay and Sargent, 2009). Further, flowering plants
constitute the majority of human agricultural produce and although
60% of the agricultural crop volume is produced by plants that do
not require animal pollination, 92 out of 108 commodity crops (85%
of the world’s leading crops) have increased fruit or seed set with
animal pollination (Klein et al., 2007). More importantly, animal
pollinated flowering plants constitute 87.5% of species-level
diversity in flowering plants globally (Ollerton et al., 2011).
Hence, pollination also serves a core ecological service, maintaining
the functional integrity of these ecosystems and thus is crucial for
sustainable agricultural production for human populations today.
Over millions of years, the co-evolution of insects and flowering
plants has produced a stunning variety of floral specializations.
Flowers display species-specific olfactory and visual cues to attract
both generalist and specialist insects; insects, in turn, use these cues
to find and pollinate their host plants as has been shown in a series of

key papers in the field (Raguso and Willis, 2005; Goyret et al.,
2008a; Riffell et al., 2013, 2009; Kelber, 1997, 2002).

For successful feeding and pollination, insects need to not only
identify and localize their host flower but also detect the tiny nectary
opening on the floral surface. For insects like moths and butterflies,
this task is particularly difficult, as they hover in front of the flower
to access the nectary with their long, flexible, straw-like mouthpart
known as the proboscis. Moreover, crepuscular hawkmoths like
Manduca sexta are active in dim light conditions at dawn and dusk,
when visual feedback is limited by long neural delays (Theobald
et al., 2009; Stöckl et al., 2020, 2016; Sponberg et al., 2015). In
addition, the visual resolution of moths at about a proboscis length
away at dawn/dusk light levels is of the order of a few centimeters,
whereas the nectary opening is no larger than a few millimeters
(Stöckl et al., 2020; Theobald et al., 2009). Therefore, tactile
feedback can be especially important for insects like moths and
butterflies to successfully target the tiny flower nectary opening as
they hover over the flowers. Few studies have focused on the role of
rapid and precise mechanosensory feedback in this pollination
interaction.

Several papers have demonstrated that the shape and texture of
floral surfaces provide both visual and mechanosensory cues in
pollination interactions (Goyret and Raguso, 2006; Goyret, 2010;
Goyret et al., 2008b; Goyret and Kelber, 2011, 2012; Campos et al.,
2015; Peng et al., 2019). These studies used artificial flower-like
feeders of varying sizes and shapes to show that the success of
hawkmoths in emptying the flower largely depends on the surface
area of the feeder and whether tactile features such as grooves were
present (Goyret and Raguso, 2006). This observation was true not
only for physical grooves but also for visually contrasting stripes on
the feeder surfaces (Goyret, 2010). Moreover, these tactile and
visual floral features helped moths improve their performance over
repeated visits, enabling them to learn to get to the nectary faster.
The series of contributions in which Goyret and colleagues (Goyret,
2010; Goyret and Kelber, 2012) reported observations about a range
of proboscis movements during pollination raised the important
possibility that such movements could represent an active and
systematic exploration of the floral surface, thus motivating our
detailed machine vision-based quantitative analysis of proboscis
movements.

The moth proboscis is a modified mouthpart that evolved from
the two maxilla. When the moth first emerges from the pupal case, it
unites the two galeae of the maxilla, and zips them together to form
a central tube called the food canal, which serves as a drinking straw
(Zhang et al., 2018). Both galeae are heavily muscularized and
hydraulically controlled such that the proboscis is both flexible and
actively actuated by muscles at its base and along its length
(Wannenmacher andWasserthal, 2003). The galeae of the proboscis
are lined with muscles and also carry the trachea and the nerve cord.
During flight, the proboscis is usually held curled up under the head.
However, as a moth approaches a flower, it unfurls its proboscis by
pumping body fluid into the galeae. In addition to active control by
muscles and hydraulic extension, the proboscis is covered by a vastReceived 15 October 2020; Accepted 3 January 2021
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array of mechanosensory sensillae all along its length and at its base
(Krenn, 1990, 2010). Thus, the proboscis is both a feeding structure
and an actively actuated sensory organ whose mechanical properties
can be tuned by muscle activation. Perhaps as a result in part to this
complexity, direct quantification of proboscis movements has
remained elusive. Previous work has identified a range of behaviors
in which the animals explore different floral features and points to a
strong role of active sensory exploration. In this paper, we combined
these behaviors with machine vision, enabling a quantitative
approach to understanding tactile strategies of floral exploration.
In particular, we studied how moths use their proboscis to probe

floral-like surfaces when presented with different tactile cues. We
asked whether moths passively move their proboscis along tactile
gradients or actively deploy their sensory proboscis to acquire tactile
cues that might lead to the nectary. In addition, we also explored the

role of learning and quantified how the strategy used by moths to
extract tactile features changes over repeated visits. We leveraged
the natural feeding behavior of hawkmoths to develop a robust,
automated behavioral paradigm where tactile cues on artificial
feeders are determined by the curvature of their 3D-printed artificial
corollas (henceforth referred to as artificial flower or feeder;
Fig. 1A,B; see also Campos et al., 2015; Peng et al., 2019). We used
computer vision to automate tracking of moths and proboscis tip
movements as they visited and fed repeatedly from these artificial
flowers in dim-light conditions, where the tiny opening of the
nectary greatly exceeds their visual acuity (Fig. 1C). We found
that moths use their proboscis to locate the nectary opening by
systematically sweeping each flower from edge to center (Fig. 1D).
Further, this active exploration improved rapidly, and moths learned
a direct strategy to pinpoint the nectary opening after as few as
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Fig. 1. Moths fed from an instrumented, 3D-printed artificial flower-like feeder as we tracked their body and proboscis tip positions over repeated
visits. (A) Schematic diagram of a moth visiting an artificial flower. We tracked the proboscis tip and moth’s body using a high-speed camera with infrared
illumination at 100 frames s−1. The artificial flower base was instrumented with an infrared motion sensor that was triggered when the proboscis reached the
nectary. The nectary was also connected to a semi-automated pump that refilled it after each visit (Peng et al., 2019). (B) The four artificial flower shapes
from the side (top) and from overhead (bottom). All nectary openings had the same diameter and height; artificial flowers differed only in the curvature of the their
corolla. (C) One frame from a video overlaid with moth (blue) and proboscis tip (magenta) tracks on a near-flat flower. (D) Example of tracked trajectories
for a single visit, showing the moth (blue) and proboscis tip (magenta) position. The moth position is shown in global coordinates relative to the camera view.
The proboscis tip trajectory is shown as the radial distance relative to the center of the nectary opening on the artificial flower. The gray bar highlights the time
window shown in C. The two dashed lines mark exploration time, defined as the start of a visit (‘Start’) and the time at which the proboscis entered the
nectary opening (‘Entry’). The scale bars represent one flower radius (25 mm). (E) The total number of visits (top) and the fraction of successful visits (bottom)
across different floral shapes. The total number of visits was not different across the floral shapes (Kruskal–Wallis H-test P=0.24); however, the fraction of
successful visits was dependent on floral shape (Kruskal–Wallis H-test P=4.21e−09, pairwise Tukey HSD P<0.05 for funnel/near-flat, funnel/flat, near-funnel/flat
and near-flat/flat pairs). Each dot represents an individual moth; black lines represent the mean and s.d. The numbers in parentheses are the total number of
moths that interacted at least once with each floral shape.
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three to five consecutive visits of the same flower. These results
demonstrate the role of active tactile exploration in flower feeding
and pollination and a capacity in moths to both acquire relevant
tactile information and modify tactile exploration strategy with
learning. Touch is a fundamental sensory perception used by all
animals to accomplish complex motor behaviors, and it serves a
vital role in coordinating the seemingly effortless interactions
between one’s body and physical objects in the physical world
(Saal and Bensmaia, 2014; Diamond and Arabzadeh, 2013).
Understanding how touch shapes these interactions helps us
understand a process of great ecological relevance and may also
inspire novel haptic technologies.

MATERIALS AND METHODS
Moths
We used 2–5 days post-eclosion tobacco hawkmoth,Manduca sexta
(Linnaeus 1763), from a colony maintained at the University of
Washington. Moths were maintained on a 12 h:12 h light:dark
cycle. Adults that showed an eagerness to feed, as assessed by the
fact that they flew and hovered in front of a red LED headlamp with
their proboscis extended, were selected for experiments. We used
both male and female moths for our experiments (funnel-shaped
feeder: 11 females and 8 males; near-funnel: 10 females, 10 males
and 1 unknown; near-flat: 11 females, 12 males and 1 unknown; and
flat: 11 females and 11 males). All moths were flower-naive and had
never fed prior to experimentation. Moths were dark-adapted for at
least 30 min before the experiment.

Behavioral setup
Experiments were conducted in an closed arena (∼91×69×91 cm)
with transparent acrylic walls covered by black cardboard. The
entire arena was draped with a black cloth to ensure no external light
entered the behavioral chamber. All experiments were performed
during the active, night period of hawkmoths including dusk and
dawn, at about 20–25°C. Three viewing windows were cut out of
the cardboard to allow video recording and infrared illumination.
A high-speed camera (Basler piA640-210gm GigE) was mounted
on top of the behavioral chamber and was illuminated using three
infrared LED panels. Infrared light is invisible to moths, and hence
we used an additional white LED headlamp with a diffuser on one
edge of the chamber to simulate dusk/dawn conditions of ∼0.1–1 lx
at the flower surface, measured using a light meter (Gossen
Mavolux 5032C).
We mounted an artificial, 3D-printed feeder equipped with

micro-sensors (see below) under the camera view. In addition,
another funnel-shaped distractor feeder was placed in the same
arena to distract the moths from the rewarded feeder between distinct
visits. The distractor feeder had an empty nectary reserve and moths
never received reward for visiting it.

Artificial flowers
Each moth was presented with one of four artificial flower shapes.
The shape of the 3D-printed flower-like corolla was parameterized
by the following equation, expressed in cylindrical coordinates
(Campos et al., 2015):

zðrÞ ¼ L
r � ro
R

� �ec

; ð1Þ
where z(r) is the longitudinal axis of the flower, and r is the radial
axis of the corolla from the central z-axis. Each corolla shape is then
specified by 4 parameters: ro=1 mm is the radius of the nectary
opening, R=25 mm is the radius of the corolla, L=25 mm is the

length of the flower, and c is a curvature parameter determining the
lateral profile of the corolla.

We varied the exponent c to generate artificial flowers of different
corolla curvature; the funnel, near-funnel, near-flat and flat flower
had c=−1, −2, −3 and ∞, respectively. Feeder corollas were 3D
printed using white PLA on a UPrint printer. Despite high printer
resolution, the flower surface had regular concentric grooves from
printing layers. We sanded and polished the surface using a rotary
tool (Dremel 300 series) to provide a smooth surface. The base of the
45 mm long stalk housed a 200 µl PCR tube that served as the
nectary reserve (henceforth referred to as the nectary; design files
can be found at https://github.com/TanviDeora/FlowerDesigns). We
filled the nectary with 25 µl of 20% sucrose using a semi-automated,
custom-built nectary pump at the start of the experiment and also
between moth visits (Peng et al., 2019; design files can be found at
https://github.com/jgsuw/microinjector). Two thin copper wires
along the length of the nectary tube detected the presence of nectar
(sucrose solution). When the nectary was emptied, we prompted the
pump to refill the nectary. Additionally, an infra-red transmitter
and receiver pair were placed peripheral to the nectary to detect
any motion inside the nectary itself. When the moth inserted its
proboscis inside the nectary, the light beam became interrupted and
the motion was then recorded by a custom-written MATLAB script
(Arduino and MATLAB codes used can be found at https://github.
com/TanviDeora/Arduino-control-codes-for-flight-rig and https://
github.com/TanviDeora/MotionVideoCapture, respectively). After
a successful feeding, if the moth reappeared at the artificial flower in
less than 6 s, it was not considered as a new visit and the moth was
not rewarded with nectar. Because our camera view was zoomed in
to view the feeder surface, we empirically established this time
interval to ensure that the moth had indeed finished the visit and did
not reappear in the camera view, and we avoided refilling the nectary
reserve while the moth proboscis was inside the feeder.

Video tracking
To maintain moths in a motivated state, we used a 7-component
scent mixture that mimicked the scent of flowers pollinated by
hawkmoths (Campos et al., 2015; the mixture of volatiles was 0.6%
benzaldehyde, 17.6% benzyl alcohol, 1.8% linalool, 24% methyl
salicylate, 3% nerol, 9% geraniol, 0.6% methyl benzoate in mineral
oil). A few drops of this scent were placed on filter paper and
positioned above the rewarded artificial flower on the ceiling of the
chamber. We released the moth at one end of the chamber on a
raised platform and allowed it to feed repeatedly for a maximum of
30 min. The camera captured video at 100 Hz, with 200 μs
exposures, and was time synced with the infrared motion sensor and
pump. If a moth failed to interact with the feeder within the first
10 min, the experiment was concluded and the moth was removed
from further experiments and analysis. For all artificial flower
shapes, we analyzed only those moths that interacted with the flower
at least once.

Analysis of moth learning
We wrote custom Python scripts (https://github.com/TanviDeora/
MothLearning) and used background subtraction to detect the
center of mass (moth) and to extract all the instances when the moth
appeared in our camera view. The moth and proboscis tip were also
tracked by using a trained neural network (DeepLabCut; Mathis
et al., 2018). In some cases, the moth would fly across the camera
view without interacting with the flower, often with the proboscis
coiled. To identify these false visits, wemanually labeled a subset of
the visits as true/false, and computed the visit duration for each
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category. We used these data to empirically set the threshold to 1.5 s
in order to identify the true visits. This interval was also computed
using a support vector machine-based supervised classification on
the labeled visits mentioned above. Additionally, we computed the
mean likelihood of tracking the proboscis tip in true visits for these
labeled visits. Taken together, we classified each instance of moth
appearance as a visit if the moth was in view for longer than 1.5 s
and if the mean likelihood of tracking the proboscis tip was greater
than 0.4 (based on DeepLabCut tracking). Finally, as mentioned
earlier, all visits less than 6 s apart were merged to be counted as a
single visit.
Using the time-synced motion sensor data from the nectary, we

computed exploration time as the time difference between when the
proboscis was detected to have entered the nectary and the start of
the visit (Fig. 1). All successful visits were used for learning

analyses. For each flower type, we fitted an exponential decay trend
line of the form y=a0exp(v/v0)+y0 to explain how exploration time
changed with visit number v for each flower shape. Because the
exploration time data are noisy and this exponential decay trend line
is sensitive to overfitting to outliers, we estimated y0 (the asymptotic
exploration time after learning) by averaging the last quarter of the
data and used the average first-visit exploration time as a0. The data
shown in Fig. 2 were then used to fit v0 by minimizing root mean
square error (see also Fig. S1).

We used the exploration times of all moths from their early visits
(visits 1–3) and later visits (visits 20–30) to estimate probability
density functions (PDFs) using a Gaussian kernel density estimator
in SciPy. Visits from all moths were pooled for this analysis,
because there were too few visits from each moth (n=4 visits on
average per moth per condition) to estimate PDFs or to model
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individual effects explicitly. For visits 1–3 (orange), there were n=61
visits to funnel across 19 moths, 68 visits to near-funnel across 20
moths, 67 visits to near-flat across 21moths, and 22 visits to flat across
14 moths. For visits 20–30 (green), there were n=55 visits to funnel
across 9 moths, 26 visits to near-funnel across 5 moths, 39 visits to
near-flat across 9 moths, and 27 visits to flat across 10moths.We then
used the Kolmogorov–Smirnov (KS) test to evaluate whether these
PDFs were different from each other. In addition, we computed the
Kullback–Leibler (KL) divergence (DKL) to quantify how the PDFs
differ from the reference funnel-shaped PDF.

Proboscis kinematics
We tracked the tip of the unfurled proboscis, the base of the
proboscis and the two antennae by training a neural network
(DeepLabCut; Mathis et al., 2018). We used 825 manually
annotated frames and trained for 1,030,000 iterations until
convergence. To augment the training, a subset of the training
data set included frames that were rotated to make the tracking
performance rotation invariant.
Wewrote custom Python scripts (https://github.com/TanviDeora/

ProboscisTracking) to smooth the resultant tracking trajectories and
to mitigate the impact of outliers on our analyses. We computed the
distance between the proboscis tip in adjacent frames in manually
annotated videos (videos for 6 visits across the 4 floral shapes).
Based on this distribution of distances, we estimated the error cutoff
to be 24 pixels and used this cutoff to filter DeepLabCut annotation,
eliminating all jumps greater than this cutoff (Fig. S3). The resulting
tracks were smoothed using a median filter (window size 11 time
steps) and interpolated with a 3rd order polynomial. Some visits
could not be tracked using DeepLabCut and were thus manually
tracked.

Proboscis kinematics relative to the flower
We computed two kinematic variables from these tracked proboscis
trajectories. First, the relative radial distance was computed as the
distance of the proboscis tip from the center of the artificial flower
normalized to the radius of the artificial flower. Second, the relative
radial orientation (RRO) was computed as the angle between the
proboscis tip trajectory and radial axis. The angle was wrapped to
restrict the range to 0–90 deg. Although we quantified only the
position of the proboscis tip, the moth used the entire length of the
proboscis to touch the artificial flower. Hence, even when the tip
was not in contact with the feeder surface, some part of the
proboscis behind the tip often was in contact. Therefore, to quantify
sweeping behavior, we also included data for locations that were >1
but <2 radial distances away from the center and calculated the
number of peaks and frequency of sweeping for all proboscis tip
trajectories. To compute the number of peaks, we used the Python
SciPy function find peaks that uses the prominence (value=0.5) to
find the local peaks from neighboring points. We computed
frequency as the inverse of the time interval between successive
peaks. All proboscis kinematic analysis was performed on visits 1, 7
and 20 for all moths across all flower shapes to compare exploration
strategy across early visits and later visits (Fig. 2; for all shapes, the
moths learned within 3–5 visits, visit 1 represents the first
interaction, visit 7 is early learning, and visit 20 is later learning).
We also fitted Gaussian kernel estimations to estimate PDFs and

used KL divergence to compare the distributions. To analyze
relative radial orientation, we ignored parts of the trajectory very
close to the center (r<0.06) because the RRO values close to the
feeder center were ambiguous. We plotted tip trajectory distribution
in 2D of relative radial distance and relative radial orientation as heat

maps and hexbins. We also estimated the PDFs and contours by
fitting 2D Gaussian kernels, using a kernel width that was 1.5 times
the bandwidth estimated using Scott’s rule.

Proboscis kinematics relative to the moth head
Moths keep their antennae stable at a constant angle during flight
(Sane et al., 2007). Hence, to compute the head direction vector, we
used the base of the proboscis (also the tip of the head) and the point
perpendicular to the line joining the left and right antennae tip (Fig.
S2). We computed the proboscis vector as the line joining the base
and tip of the proboscis. The angle between the head direction
vector and the proboscis vector was computed as the head–
proboscis angle. The length of the proboscis vector represented the
proboscis tip position relative to the head. The polar plots of the
head–proboscis motion plots the head–proboscis angle along the
theta axis and the proboscis tip position along the radial axis.

RESULTS
We studied the behavior of moths as they explored and learned to
feed from artificial feeders of different flower-like shapes. In our
behavioral paradigm, moths were allowed to feed from 3D-printed
artificial flower-like feeders in a light-controlled chamber while we
tracked their center of mass and the tip of their proboscis using a
high-speed camera under infrared illumination (Fig. 1A,C). All
moths were naive to the behavioral paradigm and had never fed from
any flower (artificial or otherwise) before. Each artificial flower was
equipped with a nectary reserve at its base, and this nectary reserve
re-filled automatically following successful feeding, so that a single
moth could visit the same feeder repeatedly. We presented each
moth with one of four artificial flower shapes, which differed in the
curvature of their corollas (Fig. 1B). Each naive moth was tested in a
single 30 min session and with one feeder shape; the total number of
visits across all feeder shapes was similar [Fig. 1E; Kruskal–Wallis
(KW) H-test P=0.24; see Campos et al., 2015]. Consistent with
previous findings (Campos et al., 2015), we found that the funnel-
shaped feeder was the easiest to exploit and the flat feeder was the
most difficult, as measured by the fraction of visits where the moth
accomplished successful feeding over 30 min (Fig. 1E; KW H-test
P=4.21e−09, pairwise Tukey HSD P<0.05 for funnel/near-flat,
funnel/flat, near-funnel/flat and near-flat/flat pairs).

Moths learn to feed from different artificial flower shapes
over repeated visits
We found that moths quickly learned over repeated visits to the
same artificial flower to exploit the curvature of the feeder corolla,
even when it was very slight, to locate the nectary (Fig. 2). We
measured how long eachmoth spent exploring the artificial flower at
each visit, defined as the time elapsed between when the moth first
came into the camera view near the artificial flower and when its
proboscis reached the base of the nectary reserve (Fig. 1C,D). In
artificial flower shapes with slight curvature, we found that this
exploration time decreased with repeated visits (Fig. 2; Table S1a;
KS test P=1.05e−2 and P=2.41e–04 for near-funnel and near-flat,
respectively, comparing early and late visits). For funnel-shaped
artificial flowers, the exploration time did not decrease over time
(KS test, P=0.546), consistent with our observation that funnel-
shaped artificial flowers are easiest to exploit; moths found the
nectary reserve on their first visit and repeated visits did not improve
their efficiency. In contrast, for flat artificial flowers, the exploration
time did not decrease over repeated visits, suggesting moths did not
learn to handle artificial flowers that do not provide surface shape
cues to the nectary opening’s location (KS test P=0.463).
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Although moths learned after 3–5 visits to handle all three curved
artificial flowers, their early exploration times still depended on
flower shape. As shown in Fig. 2, the aggregated probability
densities of all early visits (1–3) varied in a flower shape-dependent
manner: values for dissimilarly shaped artificial flowers were more
different than those for similarly shaped artificial flowers
(Table S1b: KS test P=0.992 for funnel/near-funnel, P=0.026 for
funnel/near-flat, P=0.003 for funnel/flat; and P=0.069 for
near-funnel/near-flat, P=0.01 for near-funnel/flat and P=0.128 for
near-flat/flat). This flower shape-dependent pattern was also evident
when we computed how much the distributions diverged from each
other using KL divergence (KL divergence, DKL, increases as the
floral shape diverges: DKL=0.053 funnel/near-funnel, DKL=0.109
funnel/near-flat, DKL=0.228 funnel/flat artificial flowers). After
learning, however, the exploration times did not differ among all
shapes except the flat artificial flower (Table S1c; KS test P=0.063
for funnel/near-funnel, P=0.39 for funnel/near-flat, P=0.14 for
near-funnel/near-flat, P=0.014 for flat/funnel, P=2.266e−4 for flat/
near-funnel and P=2.93e–3 for flat/near-flat). Taken together, our
data show that moths learn to handle novel artificial flowers that
have even slight curvatures within as few as 3–5 visits. This is
consistent with previous literature reporting learning in hawkmoths
on artificial flowers of different size and texture (Goyret and
Raguso, 2006; Goyret, 2010; Goyret and Kelber, 2011).

Moths actively sweep their proboscis to probe artificial
flower surfaces
Tracking the tip of the moth proboscis revealed how these
mouthparts were used to explore the floral-like surfaces of
artificial feeders, by tapping and sweeping, as well as bending the
proboscis against the surface (Movie 1). To understand the role of
the proboscis in flower surface exploration, we trained a neural
network to track the proboscis tip in high-speed videos (Mathis
et al., 2018). We found that moths explored the feeder surface more
extensively when attempting to feed from artificial flowers that were
more difficult to exploit (Fig. 3A). These behaviors suggest that
moths extract mechanical cues during interactions with the artificial
flowers.
We next asked whether the moth moved its proboscis tip

randomly over the surface, passively pushing it along mechanical
gradients like the flower curvature until it found the nectary
opening, or whether the moth actively actuated the tip to extract
mechanical cues about the flower surface. To disambiguate these
possibilities, we examined a few kinematic parameters computed
from the proboscis tip tracking. First, we computed the position of
the proboscis tip relative to the center of the artificial flower
(Fig. 3C). We found that moths systematically and repeatedly swept
their proboscis between the artificial flower edge and the center as
they explored the surface (Fig. 3B). Moths moved their proboscis in
radial sweeping motions, not just along the passive mechanical
gradient from edge to center but also against the gradient from
center to edge. The frequency of sweeps was 1.76 Hz (median, 25th
and 75th interquartile range, IQR, of 1.12–2.86 Hz) for all moths
and all floral shapes, during earlier and later visits (Fig. 3E). Moths
found the nectary opening in fewer sweeps for artificial flowers with
even slight curvature as compared with the flat flower (Fig. 3D; KW
H-test P=8.65e−06). However, the number of sweeps did not show
systematic and interpretable changes over repeated visits. For most
shapes, as moths learned to handle these artificial flowers, they
found the nectary opening within just a few sweeps. Interestingly,
for the most challenging flat flower, moths continued to sweep
multiple times for the later visits. These observations are consistent

with the results above (Fig. 2) that moths did not learn to feed
efficiently from completely flat flowers, despite repeated visits.

Moths could move their proboscis on the feeder surface by two
physical mechanisms. First, they can move their entire body and
drag the proboscis as it hovers over the artificial flower (Movie 1).
Second, they can actuate the proboscis muscles that allow
movement of the proboscis independent from that of the head and
body of the moth. Although it is clear from direct observations and
videos that moths do the former (Goyret, 2010; Goyret and Kelber,
2012), the latter movements are smaller and harder to observe. To
explore whether moths move their proboscis independently of their
body, we computed the relative motion of the proboscis tip with
respect to the head (Fig. S2). We found that moths can indeed
change both the relative position and the relative angle of the
proboscis tip with respect to the head during flower exploration.
This suggests they use both whole-body movements and
independent proboscis movements to enable active sweeping
motion on the floral surface.

Then, we examined the RRO of the proboscis tip with respect to
the circular corolla of the artificial flower. RRO was defined as the
angle between the proboscis tip trajectory and the flower’s radial
axis (Fig. 4A). In other words, if the proboscis is sweeping along the
flower’s radial axis, the RRO would be 0 deg, whereas sweeping
perpendicular to the flower’s radial axis would give RRO=90 deg.
Exploring along the radial axis would inform moths about the
feeder’s curvature, leading toward the nectary opening at the center.
Exploring perpendicular to the radial axis would not be informative
about the artificial flower’s surface, except at the edges, where it
would inform the moth about the flower’s outer shape.

Moths preferentially learn to acquire tactile features
As moths learned to exploit difficult artificial flowers, their
exploration strategy shifted. This shift in strategy is best
represented as shifts in probability density of the proboscis tip
trajectories in two dimensions, RRO and relative radial position
(Fig. 4). During the first visit, moths spent time exploring along the
edge of the feeder in all flower shapes, as seen by the high
probability density around one flower radius and with RRO=90 deg.
For the easiest flower shape, across all visits, moths learned to
directly find the nectary with only cursory exploration of the
surface. This is evident by the high-density regions at a radial
position of 0 and along all RRO in funnel and near-funnel flowers.
For more difficult flower shapes of near-flat and flat flowers, on
their first visit, moths explored the interior surface more extensively,
at all radial orientations. However, with repeated visits, moths
preferentially learned to explore along the radial axis. This radial
mode of exploration is evident as the higher density shifts along
RRO=0 deg for the later visits (visits 7 and 20) for both the near-
funnel and near-flat flower. This shift is absent in both the easiest
funnel shaped flower and also for the most difficult, flat flower,
consistent with the fact that the flat flower has no information about
the nectary opening location along the radial axis.

DISCUSSION
In summary, our results show that moths use their actively
controlled and highly sensed proboscis to explore the 3D surface
of artificial flowers as they locate the nectary opening. By high-
speed video tracking of proboscis tip trajectories, we characterized
howmoths systematically swept their proboscis on artificial flowers,
from edge to center and center to edge, as they explored novel floral
shapes. Interestingly, as moths learned to exploit the corolla-like
feeder curvature over repeated visits, they are able to find the nectary
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opening within a few sweeps. Our results suggest that moths use
active tactile sensing and learn an efficient strategy over visits to
preferentially extract salient mechanical features of the floral edge
and curvature.

Active tactile sensing
A variety of other insects are also known to use tactile feedback to
interact with objects in the physical world (Erber et al., 1998; Schütz
and Dürr, 2011; Comer et al., 2003; Camhi and Johnson, 1999). For
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instance, bees use their antennae and legs to detect the texture of floral
surfaces (Kevan and Lane, 1985; Solvi et al., 2020). Unlike the
smooth lower petal surfaces, the upper (adaxial) petal surfaces are
covered in conical epidermal cells (Whitney et al., 2011). These
conical cells influence petal color and reflectance, scent release and
petal wettability, in addition to providing a rough, frictional texture
surface for use during landing. Moreover, these conical epidermal
cells are often arranged in a characteristic spatial pattern that may
serve as nectar guides (Kevan and Lane, 1985). Indeed, bees can be
trained to identify specific textures (Whitney et al., 2009). Unlike
bees, which land on flowers, hawkmoths like M. sexta hover as they
feed, and thus far floral surface microstructures have not been
considered useful for pollination by hovering insects (Kraaij and
Kooi, 2019). Interestingly, our results show that moths can learn to
preferentially extract salient mechanical features on the floral-like
feeder surface. Taken with prior literature, we suggest that in addition
the overall floral curvatures andmacro-textures such as the grooves on
the petals (Goyret, 2010), moths, like bees, might be able to interact
with and may leverage micro-textures on the floral surface. The role
of micro-textures as mechanosensory cues in guiding hovering insect
feeding remains relatively less explored (Policha et al., 2016).

Touch is a ubiquitous sensory modality across the animal
kingdom, and a key feature of tactile sensing is active, and often
rhythmic, movement of the sensor to probe and manipulate objects.
For example, humans move our fingers to assess the texture of
surfaces, and active finger movements lead to improved spatial
resolution in touch (Skedung et al., 2013). The use of touch to assess
objects and navigate one’s environment has been well studied in
diverse organisms, including insects, fish and rodents (Diamond
et al., 2008; Erber et al., 1993; Camhi and Johnson, 1999; Mongeau
et al., 2013). In fact, the rat whisker system is among the most well-
studied examples of active tactile sensing (Diamond et al., 2008;
Bush et al., 2016). Rats move their whisker bundle rhythmically to
feel objects around them, helping them determine the shape and
texture of objects and height of obstacles, to interact with other
con-specifics and to navigate through their environment (Kleinfeld
et al., 2006). Behaviorally, the moth’s proboscis sweeping
movements we observed are highly reminiscent of rat whisking.

Proboscis sensing and mechanics
Although the sweeping motion of the hawkmoth proboscis is very
similar to the whisking motions of rat whiskers, the sensing and
mechanics of the proboscis are entirely different. Rat whiskers are
hair shafts of fixed mechanical stiffness, sensed at the base by a
single sensory neuron and actuated by muscles at the base (Berg and
Kleinfeld, 2003). Deflections of the whisker shaft can be uniquely
mapped to mechanical forces and torques induced at the base of the
whisker (Bush et al., 2016; Huet et al., 2015). The sensory neuron at
the base can thus faithfully represent contact at the tip by responding
to the forces and torques produced at the base. In contrast, the
proboscis is hydraulically filled and has muscles not just at its base
but along its entire length that actively control its motion, shape and
structural mechanics (Krenn, 2010). Further, the proboscis has
potential mechanosensors at its base and along its entire length. In
its sensing and mechanics, the moth proboscis is closer to a
muscular hydrostat, such as an elephant trunk or an octopus tentacle,
except that the proboscis has a stiff cuticular exterior (Kier and
Smith, 1985). How proboscis mechanics are controlled and how
these deformations are sensed are fascinating open questions.

Although in our study we tracked only the proboscis tip,
information about the surface would be encoded by potential
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Fig. 4. Moths preferentially extract tactile features as they learn to feed
from the novel artificial flower. (A) Left: an illustration of a proboscis
trajectory (in orange) with discrete proboscis tip positions denoted by colored
circles (color coded in time as in Fig. 3A) on an artificial flower surface with a
central nectary opening (small black dot). The relative radial orientation (ρ)
and relative radial position (r) are shown for two positions (1 and 2, as
indicated) along the cartoon proboscis trajectory. The dotted line represents
the radial axis and the black arrows represent the tangent along the
proboscis trajectory at two representative positions. Right: location of the
proboscis tip positions on heat map plots, like those shown in B. (B) Heat
map of the proboscis tip as a function of relative radial orientation, and
relative radial position for the four floral shapes (indicated above the panels)
and over repeated visits (visits 1, 7 and 20), pooled across all moths. Peaks
in probability density (see green scale) indicate moths preferentially explored
the edges of the artificial flower (around radial position=1 and RRO=90 deg).
In the interior of the artificial flower, the moths explored at all angles for the
first visit. However, over repeated visits, the higher probability density shifted
(green) along the radial axis (RRO=0 deg) for near-funnel and near-flat
flowers. Visit 1: funnel n=6796 frames, N=16 moths; near-funnel n=10,086
frames, N=17 moths; near-flat n=10,214 frames, N=22 moths; flat n=25,729
frames, N=20 moths. Visit 7: funnel n=2278 frames, N=13 moths;
near-funnel n=2979 frames, N=16 moths; near-flat n=2535 frames, N=20
moths; flat n=6729 frames, N=17 moths. Visit 20: funnel n=1727 frames,
N=8 moths; near-funnel n=535 frames, N=5 moths; near-flat n=1429 frames,
N=9 moths; flat n=5526 frames, N=13 moths.
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sensors at the proboscis base and also all along its length (Krenn,
1990, 2010). In addition to sweeping the proboscis tip along the
surface, moths use other modes of sensing, such as bending the
proboscis against the flower surface. Tracking the proboscis tip
allowed us to quantify strategies of exploration with respect to the
artificial flower shape (Figs 3 and 4). We also demonstrated how
moths use both whole-body motions and independent actuation of
the proboscis to expertly explore artificial flower surfaces (Fig. S2).
However, the proboscis is very flexible, it is actuated at the base, and
along its entire length. Specifically, the distal proboscis tip is
extremely mobile and can be actuated at speeds much higher than
the sweep frequencies that we report here. Moreover, it is interesting
to note also that although the proboscis is not jointed, it has one
relatively fixed point of flexion along its length (Movie 1). Further
understanding of proboscis actuation would require expert tracking
of the entire length of the proboscis in 3 dimensions.

Multisensory cues in flower exploration
In addition to tactile cues, moths may use feedback from various
other sensory modalities to exploit real flowers and find the nectary.
The visually contrasting grooves on flower surface provide cues that
lead to the nectary, and moths have been shown to align their body
along the nectar guides (Goyret, 2010; Goyret and Raguso, 2006).
Even so, the visual resolution of moths is not sufficient to resolve
the nectary opening or provide accurate feedback about proboscis
motion. Vision can, however, enable detection of the outer flower
contour (Roth et al., 2016; Stöckl et al., 2017). Thus, in addition to
touch, the active movements of the proboscis might be also guided
by vision, although with limited resolution (Stöckl et al., 2020;
Goyret and Kelber, 2012). Indeed, moths handling flat artificial
flowers continued to sweep from edge to center despite the lack of
curvature cues (Fig. 3), even when very few visits were successful
(Fig. 1).
Manduca sexta are crepuscular moths that are active during low-

light conditions of dusk and dawn, so all of our experiments were
conducted at low-light luminance. It is possible that light levels
affect the visual control of proboscis motion. Indeed previous work
suggests that the interaction of vision and touch may be even more
crucial for diurnal moths (Goyret and Kelber, 2011) and butterflies
in guiding precise proboscis motions. In addition to touch and
vision, other sensory cues like humidity and CO2 gradient over the
corolla, as well as olfactory cues on the flower surface and nectary
might also inform the active movements of the proboscis on natural
flowers (Von Arx et al., 2012; Haverkamp et al., 2016; Goyret et al.,
2008a; Kessler et al., 2015; Zhou et al., 2017). Moreover, other
tactile features of natural flowers like the petal edges, texture on
petals and even the orientation of the flower itself will likely
influence the exploration strategy as well as learning capabilities
(Haverkamp et al., 2019; Goyret, 2010; Goyret et al., 2008a).

Implications of learning and active sensing for pollination
and diversity of flowering plants
The mechanistic processes underlying insect–plant pollination are
shaped in large part by the insects’ sensory systems and capacity for
learning. For instance, bees can identify host plants and learn to
associate color or odor with a reward, which influences how they
exploit new nectar resources (Chittka and Raine, 2006). On an
evolutionary time scale, these behavioral capabilities may also drive
pollination syndromes (Johnson, 2012; Fenster et al., 2004). In other
words, insect behavior may drive the evolution of certain floral
traits, allowing specific insect species to specialize and exclusively
pollinate specific plant species, and hence drive the evolution of

new species. Our results show that the hawkmoth, an opportunistic
insect that visits various different kinds of flowering plants, is also
an exceptional learner and can learn to handle novel flowers within a
few visits (Fig. 2; see also Goyret and Kelber, 2012). Experiments
in the lab with artificial flowers reveal that the success of
hawkmoths might not necessarily align with the best interests of
the plant (Peng et al., 2019). Artificial flowers that are harder to
exploit and more difficult for the insect pollinator to feed from may
have greater success in transferring pollen (Peng et al., 2019),
possibly as a consequence of increased handling time. Consistent
with this literature, our results show that flat flowers have a lower
success rate but moths spend more time exploring them, even with
repeated visits (Figs 1 and 2). This mismatched interest, coupled
with the hawkmoth’s ability to learn and exploit relevant tactile cues
in novel flowers, might have a profound impact on how they interact
with flowers in the wild (Walton et al., 2020). That said, several
other factors such as the time of day and orientation of the flower
influence pollen transfer (Haverkamp et al., 2019; Fenske et al.,
2018). Moreover, field studies reveal that the majority of the pollen
load in hawkmoths is from flowers that are efficiently exploited by
them (Alarcón et al., 2008). Future work using artificial flowers
capturing additional floral features, as well as natural flowers, in
addition to quantification of pollen transfer will help us understand
the role of insect sensing and learning in shaping pollination
interactions and, hence, floral diversity and insect forms over
evolutionary time scales.
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Figure S1: (A) Learning curves for individual moths across all floral shapes are plotted as 
versus visit number (panel A) and time (panel B). Each color in panel A is for a separate 
individual. The black solid line is the exponential fit to the data pooled across all moths as 
shown in Fig 2 in main MS. Each dot in panel B represents a single successful visit.
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Figure S2: Proboscis mov ement relative to head. A) The cartoon on the left shows how 
we compute the angle and position of the proboscis tip relative to the head direction vector. 
The polar plots show the tracks of the proboscis tip relative to the head for a representative 
moth exploring the flat flower for the first visit. The track on top is a zoomed in view of the 
bottom track (in blue) B) Both the relative angle between the proboscis tip and head (top) and 
relative position of the tip from the head (bottom) varies as the moth (same visit as in A) 
explores the floral surface. The transparent red bar represents the track zoomed in A. C) The 
cartoon shows how we compute the relative radial position of the proboscis tip (relative to the 
flower radius) for a representative proboscis track (in orange). D) The proboscis tip position 
relative to the flower radius for the visit in A shows moths sweeping its proboscis from edge to 
center - center to edge repeatedly. Gaps in all tracks occur where the tracking error was large 
and hence not reliable.
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Figure S3: The probability density distribution for the root mean square error (RMSE) 
distance between the proboscis tip in A) manually annotated versus DeepLabCut (DLC) 
annotations and in B) successive frames for the DLC annotations are shown here. We 
manually annotated 6 videos comprising of 10308 frames. Based on the error comparing 
manual to DLC annotations (shown in A), we used a cut off of 24 pixels. If the distance 
between the proboscis tip on successive frames with DLC annotations (shown in B) was 
larger than this cutoff, the tracking data for that frame was dropped. With this cutoff, we 
could include 87.84% of our data. Inset shows the entire distribution with the grey bar 
highlighting the region that is zoomed in to visualize the cutoff pixel distance.
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(a) Early - Later Visits Within Flowers

flower Kolmogorov-Smirnov
test p value

funnel 0.546
near-funnel 1.05e2

near-flat 2.41e4

flat 0.463

(b) Early Visits Across Flowers

flower pair Kolmogorov-Smirnov
test p value

Kullback-Leibler
Divergence

funnel/near-funnel 0.992 0.001
funnel/near-flat 0.026 0.04
funnel/flat 0.003 0.17
near-funnel/near-flat 0.069 –
near-funnel/flat 0.010 –
near-flat/flat 0.128 –

(c) Later Visits Across Flowers

flower pair Kolmogorov-Smirnov
test p value

Kullback-Leibler
Divergence

funnel/near-funnel 0.063 0.03
funnel/near-flat 0.393 0.005
funnel/flat 0.014 0.54
near-funnel/near-flat 0.342 –
near-funnel/flat 2.26e4 –
near-flat/flat 2.93e3 –

Table S1: Statistics for exploration times across flowers and visitsS
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Movie 1: A moth exploring a slightly curved, near-flat flower with its pro-boscis 
during it’s first visit.
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http://movie.biologists.com/video/10.1242/jeb.239442/video-1

