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Butterﬂy proboscis: combining a
drinking straw with a nanosponge
facilitated diversiﬁcation of
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The ability of Lepidoptera, or butterﬂies and moths, to drink liquids from rotting fruit and
wet soil, as well as nectar from ﬂoral tubes, raises the question of whether the conventional
view of the proboscis as a drinking straw can account for the withdrawal of ﬂuids from
porous substrates or of ﬁlms and droplets from ﬂoral tubes. We discovered that the proboscis
promotes capillary pull of liquids from diverse sources owing to a hierarchical pore structure
spanning nano- and microscales. X-ray phase-contrast imaging reveals that Plateau instability causes liquid bridges to form in the food canal, which are transported to the gut by the
muscular sucking pump in the head. The dual functionality of the proboscis represents a
key innovation for exploiting a vast range of nutritional sources. We suggest that future
studies of the adaptive radiation of the Lepidoptera take into account the role played by
the structural organization of the proboscis. A transformative two-step model of capillary
intake and suctioning can be applied not only to butterﬂies and moths but also potentially
to vast numbers of other insects such as bees and ﬂies.
Keywords: Lepidoptera; capillarity; ﬂexible microﬂuidics; permeability; plateau
instability; porous materials

1. INTRODUCTION

The drinking-straw model becomes questionable when
attempting to explain the ability of Lepidoptera to drink
from limited nectar droplets and ﬁlms in ﬂoral tubes or
from porous substrates, such as rotting fruit and wet
soil; ﬂuid uptake would be hindered by the capillary
pressure created by the liquid menisci. Yet, models of
ﬂuid feeding by butterﬂies and moths assume an exclusive role for the sucking pump [6]; if any signiﬁcance is
attributed to capillarity, it is merely a hypothesized role
for the initial ﬂuid intake [4]. Here, we provide the ﬁrst
experimental demonstration of the integrated role of
the sucking pump and capillarity in insects, showing
the essential role of capillary action in acquiring liquids
from porous substrates.

The Lepidoptera, or butterﬂies and moths, constitute the
second largest order of insects, with nearly 160 000
species [1], or about 16 per cent of all described insects.
Using their proboscises, adults acquire nutrition, water
and pheromonal precursors from diverse sources, such
as soil, ﬂoral and extraﬂoral nectar, fruit, sap, plant surfaces, sugary exudates of plant-feeding insects, animal
blood, carrion, dung, sweat, tears and urine [1–3]. The
lepidopteran proboscis traditionally has been considered
to function as a drinking straw, with the assumption that
the insect depends only on the action of the sucking pump
in its head to acquire liquids [4,5]. Given the remarkable
diversity of feeding habits and the versatility of the proboscis, we asked (i) whether the conventional view of
the proboscis as a drinking straw can explain the full
range of functionality for ﬂuid uptake, and (ii) how the
mechanism of ﬂuid uptake might have facilitated diversiﬁcation of lepidopteran feeding habits and movement
into adaptive zones such as fruit feeding.

2. MORPHOLOGY OF THE LEPIDOPTERAN
PROBOSCIS
The lepidopteran proboscis (ﬁgure 1a), ranging in length
from less than 1 mm to nearly 30 cm, consists of a pair of
modiﬁed mouthparts, the maxillary galeae, joined by
dorsal and ventral linkage devices termed legulae
(ﬁgure 1b–g). The concave medial surfaces of the
galeae form a food canal (ﬁgure 1b,d,f,g). The dorsal
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Figure 1. Photomicrographs of the proboscises of Danaus plexippus (monarch butterﬂy, Nymphalidae) and Dyseriocrania griseocapitella (Eriocraniidae), showing that physical features of the proboscis promoting capillarity were present in early (eriocraniid)
and derived (monarch) lineages. (a) Coiled proboscis of monarch. (b) Series of X-ray tomography cross sections of monarch proboscis at distances (left to right) of 261.75, 139.50, 43.50 and 6.75 mm from the extreme apex, showing dorsal legulae (dl), ventral
legulae (vl), food canal (fc) and absence of an apical straw-like opening. (c) Apex of single galea of monarch proboscis with
enlarged dorsal legulae and inter-legular spaces. (d ) Food canal of monarch proboscis showing annulations that probably aid
capillarity. (e) Apex of single galea of the proboscis of D. griseocapitella, with enlarged dorsal legulae and inter-legular
spaces. ( f ) Food canal of D. griseocapitella with plate-like grooves that might aid capillarity. (g) Close-up image of food
canal of D. griseocapitella showing smaller striations, in addition to deeper annulations, that might facilitate capillarity.

legulae consist of a series of partially overlapping plates
with intervening spaces, whereas the ventral legulae are
represented by tightly spaced, interlocking hooks [1,7].
The dorsal legulae of the apical 5 –20% of the proboscis
are more widely spaced than elsewhere (ﬁgure 1c,e),
allowing liquid to enter what otherwise is putatively a
ﬂuid-tight tube sealed with glandular secretions [1,4,7].
The validity of a sealed tube, permeable only at the
seam of the distal one-ﬁfth or less of the dorsal legulae,
however, has not been tested until now.

3. RELATION OF PROBOSCIS
MORPHOLOGY TO FEEDING
MECHANISM
3.1. Feeding from porous materials: critical
pore size
Although butterﬂies and moths can acquire ﬂuids from a
range of porous substrates, we hypothesized that they
withdraw liquid from only a speciﬁc size range of pores
because of ﬂuid dynamics in relation to structure. We
tested this hypothesis by placing monarch butterﬂies,
Danaus plexippus, on a porous material ( paper towels)
saturated in 25 per cent sucrose solution (ﬁgure 2a).
The saturated towels were suspended at different heights,
with their ends submersed in the sucrose solution, until a
hydrostatic equilibrium was reached. This equilibrium
implied that the liquid was not uniformly distributed,
and that the height and the size of the pores retaining
the liquid were inversely correlated. Monarch butterﬂies
then were placed on the towels to determine the heights
at which they would feed (ﬁgure 2a), as determined
J. R. Soc. Interface

by the extension and movements of the proboscis [8]
(see §5). Butterﬂies generally would not drink from
ﬁlled pores with a radius, rm, less than rm , 35 + 5 mm
(ﬁgure 2b, rlc)—about the average radius, R, of the
food canal in the distal region of the proboscis.
The approximate equality between rm and R suggests
that the food canal would initiate ﬂuid uptake by functioning like a capillary tube, relying on capillary rise.
However, our scanning electron microscopy and X-ray
tomography (ﬁgure 1a,b) demonstrate that the food
canal tapers distally and lacks a distinct terminal opening. Other lepidopteran species are claimed to have no
terminal opening [1,9]. The lack of a terminal opening
would prevent capillary rise, drawing into question the
similarity of the proboscis to a drinking straw. The test
butterﬂies also did not probe the porous substrates with
the end of their proboscises, but instead pressed the
dorsal surface of the distal region to the substrate, leaving
the extreme apex unengaged; similar behaviour is characteristic of butterﬂies and moths feeding from rotting
fruits and other wet substrates [2,10–12].
This feeding behaviour is explained by the speciﬁc
structure of the proboscis. The dorsal legulae, comprising
the roof of the food canal, have spaces between them.
In the distal, so-called drinking region, the spaces averaged 2.6 + 0.12 mm (n ¼ 3 females) (ﬁgure 1c), which
are smaller than the radius of the substrate pores (ﬁgure
2b), suggesting that menisci form between the legulae as
a means of initial ﬂuid intake from the substrate pores.
This method of ﬂuid intake, however, does not explain
the approximate equality between rm and R; the spaces
between the dorsal legulae are at least 15 times smaller
than the average radius of the food canal, raising the
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Figure 2. Determination of limiting pore size used by monarch butterﬂies. (a) Monarch butterﬂies were fed 25% aqueous sucrose
solution from paper towels suspended at different heights to determine the limiting pore radius from which they could feed.
(b) Minimum radius rm of open pores in the paper towel (ﬁlled circle solid curve) and towel-saturation level (grey bars)
versus height H of the stage from which butterﬂies were fed. Pie charts represent the proportion of butterﬂies that drank
(grey) or did not drink (dark grey) at each height. At heights of 5–25 cm, all butterﬂies fed. At 30 and 35 cm, ﬁve of 14 butterﬂies
did not drink. At 38.5 cm, only two of 14 butterﬂies fed. The pore size at 38.5 cm is considered the critical minimum pore radius.
The bar graph (with standard deviations) shows the liquid content at each height relative to the liquid content in the completely
saturated towel (rlc) (see §5 for details). (c) Change of drop volume (V ) as a function of time (t), demonstrating that the spaces
between the overlapping dorsal legulae (dl) are permeable to water (with standard deviation bars). A drop was deposited 5 mm
(dark grey) and 10 mm (grey) from the head. c1, cross-section of monarch proboscis at 261.75 mm from the apex, with radius of
food canal (R) and effective porous surface boxed in grey. c2, dorsal view of effective porous surface of the proboscis showing slits
between dorsal legulae. (d ) Geometrical parameters used for calculation of absorption rate of the drop (Hd, height of drop; L,
length of drop base; see §5). The liquid bridge belongs to a series of bridges moving towards the head (to the left). (e–i) Schematic
of drop penetration through the slits between the dorsal legulae of the proboscs. Arrows indicate the direction of liquid ﬂow.
(Online version in colour.)

question of why rm is comparable with R but not with the
inter-legular spaces.
3.2. X-ray phase-contrast imaging of feeding
from pores and small droplets
To further explore the mechanism of liquid uptake and
the relationship between rm and R, we employed X-ray
phase-contrast imaging [13] in a series of experiments
with monarch butterﬂies offered water only or a 15 per
cent aqueous sucrose solution with 40 per cent iodine
(Isovue 370, Bracco Diagnostics, USA). X-ray phasecontrast imaging could distinguish ﬂuids (saliva, water
and sucrose solutions) and air in the food canal from
the surrounding cuticle (ﬁgure 3b–d,f,g). When butterﬂies fed from a pool of the sucrose and iodine solution,
a continuous liquid column formed in the food canal.
However, when butterﬂies fed from a porous material
J. R. Soc. Interface

(Kimwipes) saturated with sucrose and iodine solution,
they withdrew the ﬂuid from the substrate pores as a
series of liquid bridges in the food canal separated by
air bubbles (ﬁgure 3d,f,g). Although adult Lepidoptera
can produce saliva to dilute viscous ﬂuids and solubilize
dried substances such as sugars [14], the butterﬂies in
this experiment did not introduce saliva into their food
canal before feeding. In other words, before contact
with a saturated substrate or drop, no menisci were in
the food canal and no visible liquid ﬁlm was on the
wall. If any liquid (e.g. glandular secretion) was in the
proboscis before feeding, the amount was not detectable
as a liquid bridge.
Our observations demonstrate that liquid-bridge
formation is facilitated by the sponge-like capillary
activity of the spaces between the dorsal legulae. When
the dorsal part of the proboscis is brought in contact
with a liquid, the liquid is pulled from the source to the
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Figure 3. X-ray phase-contrast imaging of the monarch butterﬂy proboscis and formation of liquid bridges. (a) Schematic displaying the split-beam (arrows) X-ray phase-contrast imaging used to simultaneously view liquid-bridge formation in the proboscis
and action of the sucking pump, using cameras c1 and c2. (b,c) Raw split-screen images acquired from c1 and c2, respectively.
(b) Camera 1 displays an empty food canal in the proboscis ( pr) that leads to the sucking pump (pm; empty here). Fluid travels
through the pump into the gut (gt); inset indicates the path that ﬂuid travels (white) and musculature of the sucking pump
(grey). (c) Camera 2 shows a liquid drop (dr) on the dorsal legulae of the proboscis, with a liquid bridge (lb) in the food
canal (fc). (d ) Series of two X-ray phase-contrast images showing a liquid drop on the proboscis and the formation of two
bulges (bl) that have collapsed into liquid bridges. (e) Schematic of meniscus formation. Fluid moves into the food canal, forming
a ﬁlm that enlarges into a bulge. The liquid bulge enlarges until it collapses into a liquid bridge due to Plateau instability. Arrows
show ﬂuid motion. ( f,g) Series of liquid bridges separated by air pockets in the proboscis, ( f ) pump and (g) gut of the butterﬂy
that travel through the uptake system. (b,c) Acquired using a split-beam set-up; remaining X-ray phase-contrast images were
acquired with a single beam. Brightness of the food canal in (c,d,f,g) were digitally enhanced. (Online version in colour.)

spaces between the legulae owing to capillary action. The
dorsal linkage structure can be considered an effective
porous medium with multiple spaces; that is, it acts like
a sponge. When the proboscis, as a sponge, is completely
ﬁlled with the liquid, the capillary forces do not counteract release of the liquid into the food canal. When the
meniscus invades a curved slit-like space of the dorsal
linkage and then approaches its inner edge, it wets the
slit edges. Even if the ﬁnal liquid surface is parallel to
the walls of the food canal, the negative curvature of
the food canal reduces the pressure in the invading
liquid, pushing the liquid to overﬂow the space (see electronic supplementary material, movie S1). Supported by
the wetting forces acting over the contact line, the liquid
continues to overﬂow the linkage, forming a wetting ﬁlm
inside the food canal (ﬁgure 2e–i). This process should
apply to all Lepidoptera with a functional proboscis.
X-ray phase-contrast imaging revealed that liquid
uptake occurs not only between the distal dorsal legulae
of the proboscis, typically referred to as ‘drinking slits’
[1] (ﬁgure 1c,e), but also between the dorsal legulae
proximal to this region (ﬁgures 1d and 2c). Drops of
water applied to the dorsal linkage of the straightened
proboscis at 5 and 10 mm from the head (n ¼ 3 butterﬂies per region; mean proboscis length ¼ 17 + 2 mm,
J. R. Soc. Interface

n ¼ 8) produced a series of liquid bridges in the food
canal that were transported to the head, demonstrating
that the proximal region of the proboscis is not sealed to
all liquids. The drop disappears faster at 10 mm,
suggesting that the slit-like spaces increase in size distally. The structure of the dorsal linkage thus consists
of multiple capillary channels forming a porous structure with a pore-size gradient. From the rate of drop
absorption, with experimental controls accounting for
evaporation, we estimated the size of these slit-like
spaces between the dorsal legulae to be 96 + 27 nm,
and 162 + 18 nm at 5 and 10 mm, respectively, from
the head (see §5). These differences suggest that the
dorsal legulae in the distal region transport the liquid
more easily. The larger slits in this region should
decrease viscous resistance to ﬂow.
When a thin cylindrical ﬁlm forms in the food canal,
it becomes subject to Plateau instability [15–18]; the
liquid body seeks a new conﬁguration to decrease its surface energy. Plateau instability [15–18] is manifested as
liquid bulges on the walls of the food canal (ﬁgure 3d,e).
Plateau instability assumes that any thermal or mechanical perturbation of the ﬁlm surface will amplify only if the
perturbation spans a length greater than the circumference of the food canal, or more correctly, greater than
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2  21/2 pR [16]. The average basal length of the liquid
bulge calculated from the images is 188 + 9 mm and the
average circumference of the proboscis at the onset of
Plateau instability is 111 + 24 mm (n ¼ 5); the incoming
ﬂuid enlarges the bulge until it collapses into a liquid
bridge, conﬁrming that the process is driven by Plateau
instability (ﬁgure 3d). Multiple bulges form and grow
simultaneously along the food canal (ﬁgure 3d), collapsing into liquid bridges that are transported into the gut
by negative pressure generated by the sucking pump
(ﬁgure 3b,f,g; see electronic supplementary material,
movie S2). The pump action does not affect the liquid
ﬁlm, which remains on the surface of the food canal
during the entire uptake process. The liquid ﬁlm acts as
a continuous junction between the external liquid and
the liquid bridges in the food canal. Annulations of the
food canal (ﬁgure 1d,g) might enhance spreading of the
ﬁlm on the inner walls of the proboscis and lead to the formation of multiple bridges along the channel to improve
the efﬁciency of the liquid uptake. We also suspect
that hydrophilicity of the proboscis is an important
component of liquid uptake, and we are currently
investigating the hydrophilic properties.
Simultaneous recordings of bridge formation and
pump activity, using split-beam X-ray phase-contrast
imaging, reveal that the bridges form in 0.15 s, at least
three times faster than the observed pump cycle of
0.45–0.7 s. We discovered that liquid bridges form even
when the pump is not activated, implying that they are
a product of the architecture of the proboscis and independent of the sucking pump. Even when inter-legular
spaces ﬁll, ﬂuid uptake is possible only if rm is larger
than R because stable liquid bridges cannot form when
opposed by counter-capillary forces exerted by the
substrate (i.e. when rm , R).

4. DISCUSSION
4.1. Relation between proboscis morphology
and feeding mechanism
Our work suggests that the lepidopteran proboscis is a
complex ﬂuidic system with at least two levels of channel
hierarchy. Spaces between the dorsal legulae constitute
the ﬁrst nanolevel of channel hierarchy; these spaces
enhance capillary action for liquid uptake in a manner
similar to a sponge. The food canal, in conjunction with
the sucking pump, represents a second microlevel by supporting the ﬂow of liquid bridges to the mouth, similar to a
drinking straw. The butterﬂy proboscis thus represents a
sponge and a drinking straw in a single embodiment.
The hierarchical organization of the proboscis provides a model for artiﬁcial probes capable of acquiring
diverse liquids from different environments (e.g.
pooled ﬂuids, damp materials); at least two levels of
pores are needed: nanopores to provide strong capillarity and micropores to facilitate ﬂuid transport. This
channel hierarchy supports the uptake of liquids from
porous substrates and small droplets in a two-step process. Liquid bridges are formed by capillary action and
then transported to the gut by the sucking pump. The
lepidopteran ﬂuidic system offers a unique model for
the integration of nano- and microchannels, shifting
J. R. Soc. Interface

the existing microﬂuidic paradigm from stationary
channel-like structures towards ﬁbre-based microﬂuidic
devices providing distributed actuation, sensing and
manipulation of minute amounts of ﬂuids.
4.2. Role of the proboscis in diversiﬁcation
of lepidopteran feeding habits
Structural similarities in the proboscis of ancient (e.g.
family Eriocraniidae) and derived (e.g. butterﬂy) lineages
of Lepidoptera (ﬁgure 1c–f ) suggest that the mechanism
of liquid uptake through the dorsal legulae has been in
place since the evolution of the earliest Lepidoptera
with a proboscis (100–146 Mya [19,20]). Capillarity,
thus, must have had an early selective advantage, perhaps in exploiting limited availability of moisture or
sugary exudates. Scanning electron micrographs of the
proboscis representing a wide range of additional lepidopteran groups [1,9,10] conﬁrm the structural organization
that promotes capillarity, particularly the spaces between
the dorsal legulae. The pleated food canal and loosely
spaced ventral legulae of the proboscis of numerous Lepidoptera (ﬁgure 1f; [9]) probably augment the capillarity
of the dorsal legulae, as would the annulations and ﬁner
cuticular striations (ﬁgure 1g).
The structural organization of the proboscis would
have overcome the physical challenge of withdrawing
liquids from porous substrates and from ﬁlms and droplets trapped in crevices of vegetation. Thus, with
capillarity enabling feeding from sources with limited
liquids, early Lepidoptera could have exploited not only
nectar in ﬂoral tubes but also the increased availability
of rotting fruit resulting from diversiﬁcation of the ﬂowering plants. The dual functionality of the proboscis also
would have enabled opportunistic and specialized feeding
from damp soil, animal products and other sources.
Most explanatory models of lepidopteran biodiversiﬁcation focus on the larva–foodplant interface [21]. The
possible role of the proboscis in facilitating the adaptive
radiation of butterﬂies and moths, such as the exclusively
fruit-feeding butterﬂies [12], has received scant attention.
The vast majority of Lepidoptera have a proboscis that is
believed to have evolved once [1]. We suggest that future
studies explore the possible role that the proboscis has
played as a key innovation fostering the enormous biodiversiﬁcation of the Lepidoptera, perhaps facilitated by
slight structural modiﬁcations [13] in the associated
cuticle. The widespread porous and ﬁbrillar structures
of mouthparts used for ﬂuid uptake in additional insect
groups, such as ﬂies and bees [22], suggest that capillary
action also has played a signiﬁcant, yet unexplored, role
in the diversiﬁcation of their feeding strategies.

5. EXPERIMENTAL MATERIALS AND
PROCEDURES
5.1. Species investigated
We selected the monarch butterﬂy, D. plexippus L., as
a model species capable of drinking from both ﬂoral
tubes and porous substrates, and supplemented our
structural analyses with anatomical observations of
the proboscis of one of the earliest lineages of the
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Lepidoptera with a proboscis, the Eriocraniidae, represented by Dyseriocrania griseocapitella (Walsingham).
Monarchs were wild caught in Clemson, SC, USA
or obtained from the Shady Oak Butterﬂy Farm
(Brooker, FL, USA) and Flutterby Gardens (Bradenton, FL, USA). Eriocraniids were obtained from the
collection of the McGuire Centre for Lepidoptera and
Biodiversity; the specimens originally were collected in
the southeastern United States.
5.2. Scanning electron microscopy and
tomography
Each proboscis, attached to the head, was moved through
a series of ethanol washes (80–100%, 48 h each), followed
by chemical drying with hexamethyldisilazane. The dried
heads were mounted on carbon-graphite tape afﬁxed to
aluminium stubs. Samples were imaged without sputter-coating at variable pressure in a Hitachi S3400
scanning electron microscope (20 kv) (ﬁgure 1a,d), or
with gold sputter-coating for 2–3 min at full vacuum in
a Hitachi TM3000 (15 kv) (ﬁgures 1c,e–g and 2c, c2).
The auto-contrast function in Adobe Photoshop was
applied to images in ﬁgure 1.
5.3. Preparation of porous samples with
different liquid content
Paper towels were chosen as a model porous substrate
because they have a broad range of pore sizes, from
tens to several hundred of micrometres. A 0.03 cm
thick paper towel (Mardi-Gras White, 709-2 Ply
sheets, 22.3  27.9 cm, Georgia-Paciﬁc Consumer Products) was cut into strips of different lengths, and
wetted in 25 per cent aqueous sucrose solution (surface
tension of solution: s  70 mN m – 1; Kruss DSA). Individual strips were removed, shaken to remove excess
ﬂuid and wrapped in polyethylene ﬁlm to restrict evaporation. The wrapped strips were hung over ﬂat 2.5 
7.5 cm2 stages at heights (H ) of 5, 10, 15, 20, 25, 30,
35 and 38.5 cm, with their exposed ends submerged in
a dish of the sucrose solution.
To estimate the capillary pressure maintaining the
menisci inside the pores of paper towels at different
heights, we modelled the pores as an assembly of capillary tubes of different radii r. According to the Jurin
law of capillarity [23], liquid rises to the equilibrium
height H, deﬁned by the equation H ¼ 2s/rrg, where
s is the surface tension of the sucrose solution, r its density and g the acceleration due to gravity. Therefore, at
height H, pores larger than r . rH ¼ 2s/rHg were
empty, while pores smaller than r , rH were ﬁlled.
The capillary pressure holding liquid in the pores at
height H is estimated through the Laplace equation
Patmospheric 2 Pliquid ¼ Pc ¼ 2s/rH. This method allowed
us to prepare substrates with different sizes of ﬁlled pores.
After 16, 18 and 42 h, the ﬁlms were removed
and samples were cut (4.0  2.5 cm2) and weighed to
determine saturation level and time to reach equilibrium. After 16 h, equilibrium was reached, which was
based on the stabilization of the paper towel weight;
subsequent tests used 16 h strips. Weighing the partially wet, completely saturated and dry samples,
J. R. Soc. Interface

we calculated the resulting saturation of the towel at
each H as S(H ) ¼ (M(H ) 2 Mdry)/(Msaturated 2 Mdry),
where M was the sample weight. The liquid fraction
gradually decreased as the stage height increased. To
conﬁrm that the measured liquid content was independent of size of the sample piece, we cut 2.0  2.5 cm
pieces and observed that the liquid fraction was
approximately the same (+5%). The change in
saturation levels supports the hypothesis of uneven
effective pore saturation at different heights.
5.4. Determination of minimum pore size
used by butterﬂies
Samples of paper towels were prepared as above. Each
monarch butterﬂy (n ¼ 14) was placed on the paper
towel at each stage height, with the highest stage
tested ﬁrst, followed by each lower stage. A butterﬂy
was considered to feed if it uncoiled its proboscis and
laid it on the paper towel for at least 30 s. If the butterﬂy did not initially uncoil its proboscis, we uncoiled it
with an insect pin and pressed it against the saturated
substrate. If the butterﬂy continued to recoil the proboscis after probing the substrate two or three times,
we placed the butterﬂy on the next lowest stage and
repeated the procedure. The butterﬂy was categorized
as non-drinking at a particular height if it began
drinking at the next lower height.
5.5. X-ray phase-contrast imaging experiments
To mimic feeding from porous substrates, we used a
glass slide wrapped in a double layer of solutionsaturated Kimwipes (KIMTECH, Kimberly Clark). A
butterﬂy was mounted on a stage with its wings secured
horizontally and its proboscis coiled around a metal
needle attached to a linear positioning stage (VT-21,
MICOS USA). The position of the proboscis relative
to the X-ray beam and saturated Kimwipe was adjusted
remotely by controlling the position of the needle. Feeding was recorded at 30 fps (Sony digital camera) with a
beam intensity of 33.2 keV.
To test ﬂuid intake along the proboscis, the butterﬂy
was secured with wax paper and pins on a piece of
Styrofoam. The proboscis was uncoiled and laid across
two blocks of rubber (5  2  4 mm) glued to the
Styrofoam, creating a space between the proboscis
and the Styrofoam. Movement of the proboscis was
restricted by crossing insect pins near the head of the
butterﬂy and near the tip of the proboscis. A drop of
water was placed on a metal wire above the proboscis,
which was attached to the positioning stage and used
to apply the drop to the dorsal side of the proboscis
at 5 and 10 mm from the head.
5.6. Estimation of spacing between dorsal legulae
We tested ﬂuid intake along the proboscis by measuring
the permeability of the proboscis in two regions: 5 and
10 mm from the head. Each butterﬂy was set up as in
the water application experiment in the beam-room,
with constant temperature of 24.78C and relative
humidity of 23 per cent. A drop of water was applied
to the dorsal side of the straightened proboscis, and
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liquid uptake was video-recorded. Each experiment was
repeated three times. A control water drop was placed
on a wire behind the proboscis to compare ﬂuid
uptake kinetics with evaporation kinetics. Drop shape
was approximated by a spherical cap of height Hd and
base L. We concluded that the decrease in drop
volume was a linear function of time (ﬁgure 2c).
Thus, Darcy’s Law [24] could be applied to describe
the permeability between the dorsal legulae of the
proboscis: dV/dt ¼ (kA/h) . DP/h, where dV is an
incremental change of the drop volume in time interval dt, A is the total area of the linkage under
the drop, h ¼ 0.001 Pa s is water viscosity, DP is the
pressure drop causing water wicking, h ¼ 30 mm is
the distance from the external portion of the dorsal
legulae to the food canal, and k is the permeability.
The pressure drop DP is equal to capillary pressure
DP ¼ 2s/Rc, where s ¼ 0.072 N m – 1 is water surface
tension and Rc ¼35 mm is the radius of the food canal
in the regions tested. Although the drop height changed
signiﬁcantly, the base length L  2 mm remained
nearly the same until the drop disappeared. The area
A ¼ L.w was calculated as a product of the drop base
L and the width of the linkage w  31 mm. Using
these parameters and the measured wicking rate, we
estimated the permeability k of the ﬁrst region (5 mm
from the head) as k  0.76  10215 + 0.51  10215 m2
and the permeability of the second region (10 mm
from the head) as k  2.2  10215 + 0.51  10215 m2.
Assuming that pores between dorsal legulae have a
slit-like shape, we estimate the spacing between
adjacent legulae as g ¼ (12.k)1/2.
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