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Proboscises of many fluid-feeding insects share a common architecture: they have a partially open food
canal along their length. This feature has never been discussed in relation to the feeding mechanism. We
formulated and solved a fluid mechanics model of fluid uptake and estimated the time required to com-
pletely fill the food canal of the entire proboscis through the openings along its length. Butterflies and
moths are taken as illustrative and representative of fluid-feeding insects. We demonstrated that the pro-
posed mechanism of filling the proboscis with fluid through permeable lengthwise bands, in association
with a thin film of saliva in the food canal, offers a competitive pathway for fluid uptake. Compared with
the conventional mechanism of fluid uptake through apically restricted openings, the new mechanism
provides a faster rate of fluid uptake, especially for long-tongued insects. Accordingly, long-tongued
insects with permeable lengthwise bands would be able to more rapidly exploit a broader range of liquids
in the form of films, pools, and discontinuous columns, thereby conserving energy and minimizing expo-
sure to predators, particularly for hovering insects.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Insects that acquire fluids through a proboscis are remarkably
successful, if success is evaluated in terms of sheer numbers.
Nearly half of all known insects—roughly half a million species—
take up fluid through a proboscis (Shaw, 2014; Adler and Foottit,
2017; Grimaldi and Engel, 2005). An understanding of the evolu-
tionary diversification of insects and their feeding organs requires
knowledge of device structure, function, and performance (Lauder
et al., 2003; Russell, 1916; Krenn and Aspock, 2012; Wainwright,
2007; Munoz, 2019). Many insects can acquire a highly viscous liq-
uid such as honey or an almost inviscid mineral water at astonish-
ingly high rates (Kingsolver and Daniel, 1995; Krenn, 2010; Smith,
1979; Smith and Gilbert, 1985; Borrell and Krenn, 2006; Adler,
1982; Wigglesworth, 1972; Eisner, 2005). Fluid feeding with a pro-
boscis has been divided into four steps: i) proboscis wetting and ii)
dewetting, iii) fluid absorbing, and iv) fluid pumping through the
food canal by a sucking pump (Kornev and Adler, 2019) (Fig. 1).
Behavioral strategies used to load (i.e., wet and dewet) the pro-
boscis with liquid are not necessarily connected with the four steps
of the fluid-feeding model, which specify actual physico-chemical
determinants of fluid flow from the liquid source to the food canal
and finally to the sucking pump. The insect’s behavioral strategy
depends primarily on the external organization of its proboscis.
For example, butterflies and moths drink through tubular pro-
boscises (Krenn, 2010), flies mop up fluid with sponge-like pro-
boscises (Kingsolver and Daniel, 1995; Smith and Gilbert, 1985),
and bees lap up fluid with hairy proboscises; these insects must
then deliver the fluid load to the food canal (Shi et al., 2020).

The four-step model can flexibly accommodate the various
structural features of the proboscises of different insect groups.
Unlike the tubular proboscises of butterflies and moths in which
fluid directly enters the food canal (absorption) after loading (wet-
ting and dewetting), the proboscises of flies and bees involve two
phases in the absorption step. In the initial phase, the spongy
end of the fly proboscis takes fluid into the pseudotracheal chan-
nels, and the hairy proboscis of the bee holds the fluid between
the hairs. Thus, for flies and bees, the wetting and dewetting steps,
together with the initial phase of absorption by the pseudotra-
cheae and hairs, load the fluid before the final phase of absorption
when the fluid actually enters and fills the food canal in the first
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Fig. 1. Four steps of fluid uptake by insects with proboscises: wetting, dewetting,
absorbing, and pumping. The absorption step ends when the food canal becomes
filled with a liquid column or a bubble train (Kornev and Adler, 2019; Monaenkova
et al., 2012), formed from the first sip by an insect. (A) The drinking-straw model
assumes that the proboscis as a cylindrical tube (shown schematically in longitu-
dinal section as two hatched slabs) is dipped in a liquid reservoir (blue), and the
food-canal filling occurs by spontaneous movement of a liquid meniscus that is
nucleated at the proboscis tip. This meniscus would drag the liquid column toward
the sucking pump in the direction shown by the arrow. (B) In our proposed model,
the filling of the food canal occurs through permeable slits (vertical arrows) running
along the length of the proboscis. Fluid also can enter minute slits even at the
putatively sealed tip of the proboscis (horizontal arrows). In contrast to the
drinking-straw model (A), fluid does not need to travel from the tip to the sucking
pump; the food canal will be filled as soon as the air bubble (white) disappears. In
both cases, flow is caused by capillary action, and the sucking pump does not need
to be involved, thereby conserving energy. To bring fluid to the sucking pump, the
insect needs to spend energy. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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sip. Despite significant progress in understanding the fluid-loading
mechanisms of bees and flies (Shi et al., 2020; Krenn, 2019; Nasto
et al., 2018; Lechantre et al., 2019), it remains unclear how the
loaded fluid enters the food canal and how much time is required
to fill the food canal in this final phase of the absorption step
(Smith and Gilbert, 1985).

Fluid entering and filling the food canal is a critical component
of the absorption step, and in many cases, it is the time-limiting
step for food acquisition by insects that visit different food patches
while needing to conserve energy (Charnov, 1976; Johnson et al.,
2017). Hovering insects, such as hawk moths and certain flies, with
long proboscises are also subject to predation and, hence, might
not be able to afford staying at the same food patch for long
(Wasserthal, 1997; Pauw et al., 2009; Arditti et al., 2012; Josens
and Farina, 2001; Danaher et al., 2019). Here, our primary attention
is given to the analysis of the mechanism of fluid entry into the
food canal of the lepidopteran proboscis, with possible application
to other long-tongued insects with similar structural arrangement
of the proboscis. We do not address groups of fluid-feeding insects
such as flies with pseudotracheae or most bees and other
hymneopterans.

The step requiring food-canal filling was conventionally ana-
lyzed using a drinking-straw model (Kingsolver and Daniel,
1995; Daniel and Kingsolver, 1983; Daniel et al., 1989; Kim et al.,
2011), which assumes that liquid enters the food canal through
the tip and moves towards the head under the pressure differential
created by the meniscus and external source of the liquid
(Kingsolver and Daniel, 1995) (Fig. 1a). Some Lepidoptera are able
to open up the tip of their proboscises by sliding their galeae in
antiparallel movements (Tsai et al., 2014). Therefore, this mecha-
nism should be considered when evaluating the time required to
fill the food canal.

When the food canal has been filled, the liquid column moves
up the food canal into the gut by the action of the sucking pump
in the head, representing the fourth step in our four-step model.
The performance of insect fluid feeders has been evaluated on
2

the basis of the Hagen-Poiseuille theory of fluid flow through a cir-
cular tube (Krenn, 2010; Borrell and Krenn, 2006; Daniel and
Kingsolver, 1983; Daniel et al., 1989; Kim et al., 2011; Kingsolver
and Daniel, 1979). This evaluation allows the sucking pump in
the head of the insect to be decoupled from the proboscis. How-
ever, estimates of the driving pressure in the pump (Smith and
Gilbert, 1985; Bennet-Clark, 1963; Lehane, 2005; Tsai et al.,
2014), X-ray phase-contrast imaging experiments (Westneat
et al., 2008; Monaenkova et al., 2012; Lee et al., 2014; Kornev
et al., 2016), and neurophysiological analysis of the pump (Davis
and Hildebrand, 2006) have revealed the complexity of its struc-
ture and the liquid flow, drawing into question the applicability
of the Hagen-Poiseuille law for evaluation of the pumping scenario.

We develop a model of fluid uptake through the slits along
insect proboscises. As a model group of insects, we consider Lepi-
doptera (butterflies and moths). The model choice is based on
recent observations of fluid uptake by Lepidoptera, using optical
microscopy and X-ray phase-contrast imaging (Tsai et al., 2014;
Monaenkova et al., 2012; Lee et al., 2014a, 2014b; Kwauk et al.,
2014; Lee and Lee, 2014; Zhang et al., 2018) and a rich set of mor-
phological data available for these insects (Krenn, 2019).

We show that two principal factors control fluid intake: perme-
ability of the lengthwise bands of slits and viscous resistance of the
films spreading along the food canal. First, we discuss the scenario
when fluid uptake is limited by permeability of the slits in the
lengthwise bands. We then examine the scenario when fluid
uptake is limited by viscous resistance of the film spreading over
the walls of the food canal. The structural determinants of pro-
boscises of various lepidopteran species are discussed and a classi-
fication of flow regimes with respect to the proposed structural
determinants is proposed. We suggest that the fluid-flow scenarios
developed for butterflies and moths can be applied to additional
groups of long-tongued fluid-feeding insects.
2. An example of the proboscis with lengthwise permeable
bands: Butterflies and moths

We focus on the lepidopteran proboscis, given that it is the
most-studied among long-tongued insects with lengthwise perme-
able bands of slits. The lepidopteran proboscis is a long tube
formed by paired strands, the galeae, held together by an array
of hook-like legulae at the ventral side of the proboscis and another
array of shingle-like legulae at the dorsal side (Krenn, 2010;
Lehnert et al., 2016, 2013; Krenn and Bauder, 2018) (Fig. 2). We
refer to these two pairs of parallel arrays of legulae as the ‘‘legular
bands”. Each galea has C-type concave walls, which form the food
canal when the galeae are united.

X-ray phase-contrast and optical microscopy of drop penetra-
tion into the food canal has revealed that fluid enters through
the legular bands (Monaenkova et al., 2012). These observations
were supported by an analysis of spontaneous withdrawal of liquid
from fluid pools and films (Tsai et al., 2014; Monaenkova et al.,
2012; Lee et al., 2014a, 2014b; Kwauk et al., 2014; Lee and Lee,
2014; Zhang et al., 2018). The findings imply, first, that the legular
bands are porous and permeable to liquid and, second, that a suc-
tion pressure drop is built up spontaneously as the liquid contacts
the legular bands. Proboscis morphology (Tsai et al., 2011; Krenn
and Muhlberger, 2002; Krenn et al., 2001; Mollemann et al.,
2005) and the specifics of legular bands have been reviewed for
many lepidopterans to confirm that the porosity of the proboscis
is a common feature among species. The data on morphological
features of selected lepidopteran proboscises related to fluid
uptake are summarized in Table 1. The permeability of legular
bands of the proboscis was determined experimentally only for
the Monarch butterfly (Monaenkova et al., 2012).



Fig. 2. A) Hawk moth (Pachylia ficus) nectaring on Dendrophylax lindenii (Danaher et al., 2019). B) SEMmicrograph of the cross-section of the proboscis ofManduca sexta, with
the dorsal (C) and ventral (D) legular bands. The liquid can flow between individual legulae or between the fence-like rows of legulae. Arrows show these flow directions. (D)
The liquid can penetrate the ventral legular band through the space between the legulae, indicated by the arrow. (E) A drop of methylene blue-dyed water sinks through the
dorsal legular bands. B–E adapted from (Zhang et al., 2018). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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The proboscis of most Lepidoptera is divided structurally and
functionally into a distal drinking region of about 5–20% of the pro-
boscis length, where the legulae are widely spaced, and a large
proximal non-drinking region, where the legulae and the legular
bands are more tightly appressed (Pometto et al., 2020). We
emphasize that the values for permeability k � 10–15 m2 in Table 1
are taken for the non-drinking region about 10 mm from the junc-
tion of the Monarch butterfly proboscis with the head
(Monaenkova et al., 2012), not from the more widely spaced legu-
lae in the drinking region. Owing to the lack of data for other Lepi-
doptera, we fix this value of permeability and use it as a
conservative estimate, relative to the greater permeability in the
drinking region, for the other lepidopteran species in Table 1.

The width of the two legular bands, 2w, varies among species,
but its ratio to the perimeter of the food canal cross-section of a
single galea, w/pR, is always <1 (Table 1). The majority of species
have the ratio w/pR within the range of 0.1–0.2; only two species
in this table, Ethmia dodecea (Elachistidae) and Synathedon vespi-
formis (Sesiidae), have a ratio above 0.3. The typical thickness of
the proboscis wall near the legular bands is small, spanning an
interval from l � 3 lm to 10 lm. Only the hawk moth Manduca
sexta has a markedly thick wall, l � 20 lm.

When the insect applies its proboscis to a liquid in a pool or a
film or by piercing tissue, the external surface of the proboscis
becomes covered with a liquid film. To approximately estimate
the rate of fluid uptake and penetration through the permeable
bands, we ignore the inhomogeneity of film thickness along the
proboscis axis. The food canal is considered as an infinitely long
circular cylinder of radius R. Thus, a two-dimensional (2D) flow
at each arbitrarily chosen cross-section perpendicular to the pro-
boscis looks the same as schematically shown in Fig. 3.

We introduce a polar system of coordinates (r, h), with the ori-
gin at the center of the food canal, and make the counterclockwise
direction positive for measurements of angle h (Fig. 3 A). The legu-
lar bands are placed at h = ± p/2. We assume that the dorsal and
ventral legular bands have the same permeability.

The legular bands and the surface of the food canal are hydro-
philic, and to maintain proboscis functionality, butterflies and
3

moths, wet the legular bands and the food canal with saliva
(Zhang et al., 2018a, 2018b; Krenn, 1997; Pometto et al., 2020).
Thus, an infinitesimally thin layer of saliva is present on the surface
of the food canal. Therefore, immediately after contacting the leg-
ular band, the liquid food is subject to the capillary pressure of the
infinitesimally thin film of saliva covering the food canal from
inside.

To estimate the driving capillary pressure, we use the Laplace
law of capillarity (Vogel, 2003) relating the pressure p in the inter-
nal film to the air pressure in the food canal. If we assume that the
air pressure is the same as that in the pool of liquid, patm , for a film
of uniform thickness h, the Laplace law is written as

p� patm ¼ � r
R� h

; ð1Þ

where r is the surface tension of the air/liquid interface. The nega-
tive sign in Eq. (1) indicates that the pressure in the internal film is
below atmospheric pressure. This suction pressure drives the liquid
from the pool into the food canal; the thicker the film, the greater
the suction pressure.

3. Flow scenarios

Fluid conductivity of the legular bands. The overall flux through
the legular bands is determined by the permeability k entering
Darcy’s law (Vogel, 2003, 1996) which relates the flow velocity q
with the pressure differential (1) as follows

q ¼ � k
g
p� patm

l
ð2Þ

where, l is the thickness of the legular band of the proboscis, and g
is the liquid viscosity. The permeability k is a characteristic materi-
als parameter of a given insect; it is assumed to be independent of
the applied pressure differential.

Substituting Eq. (1) into Darcy’s law (2), and multiplying both
sides by the width w of the legular band, we obtain the following
estimate for the volumetric flow rate per unit length of the
proboscis:



Table 1
Morphological characteristics of proboscises of various Lepidoptera species. Dimensionless permeability Q was estimated assuming that the legular bands have slit-like pores
with the pore opening of 100 nm, resulting in k � 10–15 m2.

Species (Family)d Radius of
the food
canal,
R, lm

Wall thickness in the
permeable part of
legular bands,
l, lm

Width of the
permeable part of
legular bands,
w, lm

Reference
filling
time a,b,

Tref, ms

Pressure
differential
b,

r/R, atm

Dimensionless width of
the permeable part of the
legular bands,
w/pR

Dimensionless
permeability of the
legular bands a,

Q � 106

Manduca sexta
(Sphingidae) (Zhang
et al., 2018)

80.7 18.2 23.8 9000c 0.0087 0.1 0.2

Idea leuconoe
(Nymphalidae) (Tsai
et al., 2011)

40 11.5 17.2 970 0.017 0.14 0.93

Heliconius melpomene
(Nymphalidae) (Tsai
et al., 2014)

40 10.5 18.1 840 0.017 0.14 1.1

Pieris brassicae (Pieridae)
(Tsai et al., 2014)

39 5.63 11.2 670 0.02 0.1 1.3

Damas clavus
(Hesperiidae) (Krenn
and Bauder, 2018)

30.3 8.4 10.8 490 0.023 0.11 1.4

Archaeoprepona demophon
(Nymphalidae) (Tsai
et al., 2014)

32 6.3 12 400 0.02 0.12 1.8

Vanessa cardui
(Nymphalidae) (Krenn,
2010; Tsai et al., 2014)

39.7 10.4 31.9 460 0.018 0.26 2

Siproeta stelenes
(Nymphalidae) (Tsai
et al., 2014)

32 8.4 19 330 0.02 0.19 2.2

Danaus plexippus
(Nymphalidae)

35 30 31 210 0.02 0.28 2.5

Zerynthia polyxena
(Papilionidae) (Tsai
et al., 2014)

32 8.8 27 230 0.02 0.27 3.1

Agathymus polingi
(Hesperiidae) (Tsai
et al., 2014)

26.7 3.3 7.6 280 0.017 0.1 3.2

Nymphidium sp.
(Riodinidae) (Tsai
et al., 2014)

26.2 5.2 17.1 120 0.03 0.21 4.8

Cydia pomonella
(Tortricidae) (Krenn
and Kristensen, 2004)

21 5.3 14 85 0.03 0.2 5.7

Satyrium spini
(Lycaenidae) (Tsai
et al., 2014)

23 6.3 20 84 0.03 0.28 6.1

Heliothis virescens
(Noctuidae)e

30 7.9 17 62 0.017 0.18 7.2

Synanthedon vespiformis
(Sesiidae) (Krenn and
Kristensen, 2004)

27 4.5 28.5 100 0.017 0.34 8.7

Hypena proboscidalis
(Erebidae) (Krenn and
Kristensen, 2004)

17.8 3.2 14.5 28 0.04 0.26 14

Ethmia dodecea
(Depressariidae)
(Krenn and Kristensen,
2004)

15.4 3.8 19.3 42 0.017 0.4 20

a Tref and Q assume equal permeability for each species, k = 10–15 m2, (Monaenkova et al., 2012). Tref is defined in Eq. (12).
b For the reference, we use viscosity and surface tension of water g = 10–3 Pa s, r = 0.07 N m�1.
c The permeability of the legular band might be an order of magnitude larger compared with that of the Monarch butterfly (Danaus plexippus).
d Data are extracted from micrographs published in (Krenn, 2010; Zhang et al., 2018; Krenn and Bauder, 2018; Tsai et al., 2014; Krenn and Kristensen, 2004).
e Unpublished data.
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qw ¼ � kw
g

p� patm

l
¼ kw

gl
r

R� h
ð3Þ

We call the factor

Klb ¼ kw
gl

ð4Þ

the conductivity of the legular band, Klb; it has the physical meaning
of the volumetric flow rate per unit length of the proboscis per unit
4

pressure differential. Three morphological parameters of the pro-
boscis determine this conductivity: k, w, and l.

Film conductivity. The film conductivity can be introduced
within the framework of the lubrication approximation
(Batchelor, 2000) when the radial flow velocity is much smaller
than the angular velocity. When the mean film thickness is much
smaller than the food canal radius, this approximation is justified.
The lubrication approximation assumes that the flow in thin films
is almost unidirectional and the angular velocity profile is para-
bolic through the film thickness (Vogel, 2003, 1996; Batchelor,



Fig. 3. (A) Schematics of spontaneous fluid flow through the permeable bands of a proboscis into the food canal of circular cross-section. The liquid is shown in blue. The red
horizontal arrow is the reference axis (h = 0) of the polar system of coordinates with the origin at the center of the food canal; the positive angular direction is
counterclockwise. The liquid penetrates the proboscis through the dorsal (h = p/2) and ventral (h = –p/2) sides and forms a film covering the surface of the food canal. The
boxed magnified schematic shows the linear pressure distribution through the legular band. The pressure in the pool is patm. The pressure in the film p is lower due to the
surface tension of this film. This pressure gradient pushes the liquid from the pool to fill the food canal, as shown by the black arrows. s = hR is the arclength along the food
canal surface. (B) An enlarged image of the food canal with the adjacent liquid. An illustrative stream line (black) and arrows show the direction of velocity vectors at the
points where two streams enter the food canal and where they meet. In this flow scenario, the permeability is very low and hence the velocity component parallel to the wall
of the food canal is much greater than the radial component. The air/liquid interface is a circular cylinder co-aligned with the food canal. (C) When the permeability is large,
the radial and angular velocity components are comparable in magnitude. In this flow scenario, the air/liquid interface is significantly deformed and no longer circular. (D, E)
An unfolded air/liquid interface with the velocity field along the arclength 0 < s < pR, i.e., the arc segment BAB’. The vertical lines show the angular position h along the food
canal where the corresponding parabolic velocity distribution is calculated. The horizontal segments correspond to the absolute value of velocity at each position through the
film thickness. The horizontal segments, and hence the flow velocity, disappear as one moves to point B (h ¼ 0Þand its mirror symmetric point B0 (h ¼ pÞ:The maximum
velocity is observed at point A (h ¼ p=2Þand its mirror symmetric point A0ðh ¼ 3p=2Þwhere the liquid enters the food canal. The parabolic velocity profiles are calculated
within the lubrication approximation introduced in Section 5.1. (D) Illustrates the case of a uniform film. (E) Illustrates the velocity distribution at the bump and its vicinity at
points A and A0 where the liquid enters the film at the legular band. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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2000). In Fig. 3D, we schematically show this velocity distribution:
the no-slip boundary condition at the wall of the food canal
requires the velocity to be zero there, and the maximum velocity
is reached at the liquid/air interface where the shear stress is zero.
The mean angular velocity vh through the film of thickness h is
written in the differential form of Darcy’s law (2) as

th ¼ � kf
g

@p
@ðRhÞ ; kf ¼ h2

=3 ð5Þ

where kf is the permeability of the film (Batchelor, 2000). To find
the flow discharge through the film cross-section, one needs to mul-
tiply (5) by the film thickness h. Therefore, pulling out R from the
differential in Eq. (5), we obtain hth ¼ �ðkf h=RgÞ@p=@h. We call
the factor
5

Kf ¼ kf h
gR

¼ h3

3gR
ð6Þ

the conductivity of the film, Kf; it has the physical meaning of the
flow rate through the film cross-section per unit length of the pro-
boscis per unit pressure differential.

The ratio of conductivities of the permeable bands and films allows
classification of the flow regimes. Using Eqs. (4) and (6), we calculate
the ratio of the two conductivities as

Klb=Kf ¼ kw
gl

� �,
h3

3gR

 !
¼ 3kwR

h3l
¼ Q

R
h

� �3

; Q ¼ 3kw
R2l

ð7Þ

where Q is a characteristic dimensionless parameter specifying the
insect proboscis. It is independent of the fluid properties and deter-



A.A. Salamatin, P.H. Adler and K.G. Kornev Journal of Theoretical Biology 510 (2021) 110525
mines the overall dynamics of the fluid uptake. The values of Q for
different species are given in Table 1, provided that the permeabil-
ity is fixed, k � 10–15 m2, at the level of the Monarch butterfly’s per-
meability. Q does not change significantly among species, and its
order of magnitude is Q � 10–6. Only Ethmia dodecea (Elachistidae),
Synathedon vespiformis (Sesiidae), and Hypena proboscidalis
(Noctuidae) have one order of magnitude larger values, Q � 10–5.
This estimate has to be taken cautiously because we do not know
the permeability k. Considering the linear dependence of Q on k in
Eq. (7), and assuming that the legular bands have slit-like pores
with k ¼ e2=12 where the pore opening e varies in the range
100 nm < e < 1 lm (e ¼ 100 nm in Monarch butterflies
(Monaenkova et al., 2012) and e � 1lm, as seen in SEMmicrographs
of the dried Manduca sexta proboscis (Zhang et al., 2018);
Fig. 2C, assuming that the liquid flows parallel to the legulae
through the gap formed by the two legular fences), we estimate
the permeability to change in the range 10�15 m2 < k < 10�13 m2:

We, therefore, conclude that Q in Lepidoptera is expected to vary
as 10–7 < Q < 10–5 .

Note that the ratio (7) can be less than, greater than, or equal to
1. Thus, two limiting flow scenarios of liquid uptake can be distin-
guished. For the first limit, the ratio (7) is less than one, Klb/Kf � 1,
and, for the second limit, this ratio is greater than one, Klb/Kf � 1.
The intermediate flow regime, Klb/Kf � 1, occurs when both con-
ductivities are comparable and hence both flows (i.e., through
the legular bands and film) are equally important. While Q and R
are fixed for a species, the ratio Klb/Kf is time dependent; it is inver-
sely proportional to the cube of mean film thickness h(t). Thus, this
ratio decreases with time from an initially large value, correspond-
ing to h(0), to its lowest value, Q, as h? R. All three flow regimes
follow, one after the other at decreasing ratio Klb/Kf, with the pro-
gress of liquid uptake.

An intermediate regime of flow is set when both conductivities
are of the same order of magnitude, Klb � Kf. In this case, setting Klb/
Kf = 1 and solving (7) for the film thickness to the food-canal radius
ratio, we obtain

h=R � Q1=3 ð8Þ
As shown above, the parameter Q in Lepidoptera varies

(10–7 < Q < 10–5). Therefore, taking Q � 10–6 as an average, an
intermediate regime of flow is expected to occur when the film
thickness is about 1% of the food canal radius, h � 0.01R.

A strong dependence of the Klb/Kf ratio on the current film thick-
ness h in Eq. (7) suggests that the limiting scenario Klb/Kf � 1 could
be observed soon after the intermediate film thickness (8) is estab-
lished. This limit assumes that the rate of liquid seepage through
the permeable bands is much slower than the rate of liquid flow
through the film (i.e., the film is sufficiently thick and is able to
transport fluid efficiently). Quantitatively, the limit Klb/Kf � 1 at
Q� 1 implies that the ratio h/R is not very small compared to Q.
Setting Klb/Kf � 1 in Eq. (7), the following inequality h/R � Q1/3 is
established. One expects that at this limit, the film conductivity
is so high that all bumps and indentations on the film surface are
smoothed out quickly. Thus, a constant capillary pressure (1) is
established over a uniform surface of the air bubble shaped as an
infinitely long circular cylinder wrapped up by this film. The film
thickness hðtÞ is time dependent and hence the bubble radius
R� hðtÞ is time dependent as well. The corresponding velocity dis-
tribution and representative unfolded film profile are shown in
Fig. 3E.

When the film thickness is much smaller than that specified by
Eq. (8), we have another flow scenario characterized by the con-
ductivity ratio Klb/Kf � 1. This flow regime describes the first
moments of liquid uptake when the flow rate through the legular
bands is much stronger than the rate of film spreading and eleva-
6

tion of the film surface. In this time frame associated with the film
spreading, a pressure gradient along the film surface is established.
This can be seen from the following arguments.

At the permeable bands, the conservation of mass gives
qw ¼ 2thh. Using Darcy’s laws (2) and (5), we specify the conserva-
tion of mass:

� kw
gl

p� patmð Þ ¼ �2
kf h
gR

@p
@h

or, in terms of conductivities Klb and Kf , we have

p� patm ¼ 2
Kf

Klb

@p
@h

Since the pressure gradient @p/@h is finite and the inequality
Klb/Kf � 1 holds true, we infer that at the legular bands the pres-
sure is almost atmospheric

pjh¼p=2 � patm ¼ 2
Kf

Klb

@p
@h

� 0

Far from the legular bands where an equilibrium film configura-
tion has been established, the pressure in the film is specified by
Eq. (1). Thus, a pressure gradient builds up, spontaneously pulling
the liquid from the legular bands toward the sides of the food canal
(Fig. 3C). Since the pressure near the legular band is close to atmo-
spheric pressure, the film and hence the wrapped bubble should
substantially deflect from its equilibrium profile of a circular cylin-
der. This implies that liquid entering the food canal will predomi-
nantly accumulate near the legular bands, where the film thickness
increases more intensively than at the interior sides of the food
canal.

4. Fluid uptake by proboscises limited by the resistance of the
permeable bands, Klb/Kf � 1

To appreciate the importance of the resistance of the legular
bands to the spontaneous flow caused by the capillary suction
pressure of the film (1), we assume that the liquid entering the
food canal instantaneously spreads over the internal film. Thus,
the angular velocity of liquid in the film is almost zero at the time
scale of liquid seepage through the permeable bands. In this model,
the capillary pressure in the film is constant along the film surface
and the air bubble remaining at the center of the food canal is
shaped as a circular cylinder of radius r = R – h(t) at each time
moment t. Since the film thickness changes over time, the pressure
in the liquid defined in Eq. (2) depends on time, p = p(t). Assuming
that the permeability of the dorsal and ventral legular bands are
the same, the liquid discharge through these bands per unit time
and unit length of the proboscis is simply 2wq. The cross-
sectional area of the food canal occupied by the liquid film is

VðtÞ ¼ p R2 � r2
� �

ð9Þ

Therefore, the liquid discharge per unit length of the proboscis
is dV/dt � 2wq, and from Darcy’s law (2) we have

dV
dt

� �2prðtÞdr
dt

¼ �2Klb pðtÞ � patmð Þ ¼ 2Klb
r
r
: ð10Þ

Assuming that at the first moment of application of the pro-
boscis to the liquid the film thickness is much smaller than the
food canal radius, we can set the initial condition for differential
Eq. (10) as

hjt¼0� R� rjt¼0 ¼ 0 ð11Þ
Separating the variables in Eq. (10) as pr2dr = – Klbrdt, integrat-

ing this equation using the initial condition (11), and recalling the
definition (4) of Klb, one obtains
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1� hðtÞ
R

� �3

¼ 1� t
Tref

; Tref ¼ pgR
r

Q�1; Q ¼ 3kw
R2l

: ð12Þ

The reference characteristic time, Tref, is the time required to fill
in the circular food canal in the filtration dominated regime, start-
ing with the infinitesimally thin film, h? 0. The reference time
depends only on the proboscis structural determinants through
parameter Q and surface tension and viscosity of the liquid. The
cube of the dimensionless bubble radius, (r/R)3, decreases with
time linearly and the bubble collapses at time t = Tref. At that time,
the food canal is expected to be filled with liquid.

Eq. (12) allows us to make a rough estimate of the flow rate of
aqueous solutions through the legular bands and then estimate
the characteristic time of the food canal filling when Klb/Kf � 1.
The permeability of the dorsal legular band of theMonarch butterfly
wasmeasured inReference (Monaenkova et al., 2012); k � 10–15 m2.
Takingwaterwith the surface tensionr ¼ 72 mN:m�1 and viscosity
g ¼ 1 mPa:s as a reference fluid, and the proboscis parameters from
Table 1 and substituting them in Eq. (3), we estimate the initial
uptake velocity in Monarchs as q � 0.1 mm.s�1 at h = 0. Thus, the
butterfly needs time T � pR2/2wq = 600 ms to fill the food canal of
radius R. To estimate the time of food-canal filling for species in
Table 1, we again use a conservative estimate for the permeability
range 10�15m2 < k < 10�13 m2. Observing that q is directly
proportional and Tref is inversely proportional to permeability k,
the conservative estimates of these parameters are
0:1 mm:s�1 < q < 10mm:s�1 and 6 ms < Tref < 600 ms.

These estimates show that the time for food-canal filling at the
first sip is <1 s. This mechanism suggests the importance of the
food-canal opening, as it provides a fast fluid-delivery vehicle for
the insect.

5. General model of fluid intake

5.1. Film dynamics in lubrication approximation

We relax the assumption Klb/Kf � 1 and consider not only the
resistance of legular bands, but also the viscous resistance of the
film. Thus, the gradient of the local pressure, p(t, h), is the driving
force of the fluid spreading over the food canal. This gradient is
caused by a) the capillary pressure due to deformation of the film
profile with respect to its circular cylindrical shape, and b) the
pressure variation at the legular bands when the new liquid enters
the food canal. As discussed in Section 3, we employ the lubrication
approximation, assuming the flow in the film is almost unidirec-
tional and the angular velocity component is much greater than
the radial velocity component th>>tr (Batchelor, 2000; Oron
et al., 1997). Taking an infinitesimally small cylindrical annulus
of liquid of the local thickness h(t, h) with the base dh,
we write for its volume dV = Udh, where according to Eq. (9),
U = (R2 – (R – h)2)/2 is the fluid volume per unit of polar angle
and unit length along the proboscis axis. The conservation of the
liquid volume is

Ujtþdt�Ujt
� �

dhþ hvhjhþdh � hvhjh
� �

dt ¼ 0 ð13Þ
Taylor expanding the terms taken at t þ dt and hþ dh and trun-

cating the Taylor series at the second terms, we have

hthjhþdh � hthjh
� �

dt � @ðhthÞ
@h

dhdt ð14Þ

Ujtþdt�Ujt
� �

dh � @U
@t

dtdh ð15Þ
7

Substituting (14)–(15) in (13) and dividing the result by dtdh,
Eq. (13) is rewritten as

ðR� hÞ @h
@t

þ @ðhthÞ
@h

¼ 0: ð16Þ

Within the assumptions of lubrication approximation, it is nat-
ural to consider the porous bands as the infinitesimally thin,
widthless slits transporting the liquid at a given flow rate. Substi-
tuting Eq. (5) for the mean angular velocity in Eq. (16), we finally
obtain the governing equation for film flow along the wall of the
food canal

ðR� hÞ @h
@t

� 1
3g

@

@h
h3 @p

R@h

� �
¼ 0 ð17Þ

The Laplace equation of capillarity is taken in the form

p� patm ¼ � r
R� h

1þ @

@h
1

R� h
@h
@h

� �� �
� �rjðt; hÞ ð18Þ

This expression, being sufficiently simple to use in numeric
analysis, approximates the exact form of capillary pressure

p� patm ¼ �r 1
ðR� hÞ rFj j þ

1
R� h

@

@h
1

ðR� hÞ rFj j
@h
@h

� �� �

rF ¼ 1;
1

R� h
@h
@h

� �
; Fðq; hÞ ¼ q� R� hðt; hÞð Þ ¼ 0

quite well and allows us to study thin and thick films.
To pose the problem for the second-order partial differential

equations (17)–(18), one requires two boundary conditions for
each function, h and p, and one initial condition for h. As seen from
Table 1, the thickness w of the legular bands is much smaller than
the perimeter of the wall of the food canal for each galea,
w/pR � 0.1. As shown in Reference (Kiradjiev et al., 2019) for a film
spreading over a planar substrate, only the first initial dynamics of
spreading are affected by the width of the porous band. We expect
that the food-canal curvature does not significantly change this
conclusion, and we ignore these first events of fluid penetration
through the slits. The effect of the slit width is beyond the lubrica-
tion approximation and a detailed flow analysis including the
radial component of velocity is required.

Since the C-faces of the galeae are mirror-symmetric, the flow
in the films over the right and left galeae should look the same.
Moreover, since we assumed the permeabilities of the ventral
and dorsal legular bands are the same, the flows from these bands
are counter-directed and the liquid streams move toward the sides
of the galeae, points B(h ¼ 0) and B0 (h ¼ p) (Fig. 3A), where both
streams meet. To describe the details of the flow in the vicinity
of points B and B0, one has to conduct a detailed analysis of flow
where the radial component of velocity cannot be ignored. Again,
similarly to the permeable slits, these points are the singular points
for the lubrication approximation and the associated flow is
beyond the scope of our investigation.

The flow between points A and B in Fig. 3A is a representative
element of symmetry. This flow is described by Eqs. (17)–(18) in
the domain 0 < h < p/2. Within the lubrication approximation, we
can state that at the point B (h = 0) where both streams meet, the
film cannot form any cusps and the angular component of velocity
is zero; therefore, as follows from Darcy’s law, the pressure gradi-
ent must be also zero:

@h
@h

���
h¼0

¼ 0;
@p
@h

���
h¼0

¼ 0 ð19Þ
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At the point A (h = p/2), where the liquid enters the food canal,
the film cannot form any cusps and the flow discharge per unit
time is related to the pressure drop by Eq. (2). Thus, the boundary
conditions at h = p/2 are written as

@h
@h

�����
h¼p=2

¼ 0; � h3

3g
@p
R@h

 !�����
h¼p=2

¼ qw
2

� kw
2gl

pjh¼p=2 � patm

� �

ð20Þ
The factor ½ in the second condition (20) shows that the flow

discharge through the legular band is equally partitioned between
the two sides of the food canal.

To formulate the initial condition for this problem, we assume
that at the first moment the film of very small thickness h0 has
already been formed at the surface of the food canal and the
Laplace capillary pressure (1) has been spontaneously built:

hjt¼0 ¼ h0; p� patmð Þjt¼0 ¼ � r
R� h0

ð21Þ

Thus, the system (17)–(21) constitutes the mathematical model
of fluid uptake by a lepidopteran proboscis.

To model proboscises with a single permeable slit situated at
h = p/2, one can expand the flow domain to –p/2 < h < p/2 and reset
the boundary condition (19) at h = –p/2 where the two streams
meet.

The model (17)–(21) has been solved using the implicit finite
difference method on a uniform grid as detailed in Supplementary
Information (SI).

Since Eq. (16) represents the conservation of liquid volume in
the infinitesimally thin segment [R–h; R] � [h; h + dh], one can
deduce the limiting model (10) and (11) or its solution (12) from
the general model (17)–(21) by integrating Eq. (17) over the flow
domain 0 < h < p/2 as

4
Z p=2

0
ðR� hÞ @h

@t
dh ¼ dV

dt
¼ 4

3g

Z p=2

0

@

@h
h3 @p

R@h

� �
dh

¼ 4
3g

h3 @p
R@h

� �����
p=2

0
ð22Þ

The factor 4 takes into account the symmetry of the flow with
two equally permeable legular bands, and hence four quadrants
with symmetrically identical flows. Substituting the boundary con-
ditions (19)–(20) in (22), we obtain

dV
dt

¼ 2
kwr
gl

jjh¼p=2 ð23Þ

The factor 2 accounts for the two equivalent legular bands. Once
the uniformity of the film thickness is introduced, the derivative
@h/@h = 0 disappears from Eq. (18), and Eq. (23) reduces to
Eq. (10). This reduction is justified for a uniform film of any
thickness.

When the initial film thickness h0 is introduced, the dimension-
less initial film thickness H0 ¼ h0=R together with the previously
introduced dimensionless measure of the legular band permeabil-
ity, Q, set up an engineering metric for classification of the flow
regimes. In the next section, we study the conditions when the film
resistance, and hence its non-uniformity, controls the filling
dynamics and when the permeability of the legular bands controls
the filling dynamics.

6. Dynamics of spontaneous filling of the food canal

6.1. Dynamics of food canal filling

Table 1 shows that the characteristic values of Q span the inter-
val 10�7 < Q < 10�5; therefore, we will investigate the dynamics of
8

fluid uptake by proboscises having this range of Q. Certain features
of the filling process are best demonstrated with a higher Q. Thus,
we studied the uptake at the following range of parameters:
10�3 < H0 < 10�1and 10�7 < Q < 10�4. For comparison, two cases
were studied: in the first case, we made both ventral and dorsal
legular bands functional (Fig. 4A,B). In the second case, only one
legular band is kept functional (Fig. 4C,D). As a result, it takes more
time for the bump shoulders to meet each other in the second case.
Yet, the overall filling time is of the same order of magnitude, �
2Tref. The factor 2 is explained by the almost two-fold reduction
of fluid discharge at the same driving pressure drop as that for
the first case when both legular bands are engaged. These calcula-
tions show that all bumps and valleys on the film surface disappear
as soon as the maximum film thickness reaches the dimensionless
value H ¼ 0:1 for the first case and H = 0.2 for the second case.
From that moment on, the film takes on a circular profile. Thus,
the model (17)–(21) reproduces the features of lubrication flows
in thin non-uniform films and goes further to reproduce the results
based on a simplified model (10)–(12), describing the uptake
dynamics at the later stage of flow when the film remains circular.

Fig. 4 illustrates the film profiles for two distinguishable
regimes of flow at Q ¼ 10�5 and Q ¼ 10�4; both flows start with
initial film thickness H0 ¼ 0:01.

Liquid accumulation in the vicinity of the legular bands has
been observed only at the first moments of fluid uptake and only
in a few extreme conditions. In these cases, the initial film thick-
ness is so small that the inequality Klb/Kf � 1 holds true. As dis-
cussed in Section 3, these conditions are specific for the first
moments of time when the film is very thin. Soon after the flow
begins, the film profile takes on a circular shape, and closely fol-
lows Eq. (12). This statement applies for both studied cases when
either two or one legular bands are functional. The black dashed
curves in Fig. 4E specify the boundary for the case of two active leg-
ular bands. The curves are plotted according to Eq. (12)

1� hðtÞ
R

� �3

¼ 1� t
Tref

� D
� �

; h DTref

� � ¼ 0; h ð1þ DÞTref

� � ¼ R

ð24Þ
The initial time moment, i.e., h = 0 at t/Tref = D, is adjusted. The

D-increment takes into account the difference of the filling time
caused by the bump formation.

Moreover, for the biologically relevant values of Q and
h=R > H0 > 0:01, we have Klb/Kf � 1, and the overall dynamics of
fluid uptake are mostly controlled by the conductivity of the legu-
lar bands. In this case, the film remains circular in cross-section
almost over the entire process of the food-canal filling, and the
overall filling time differs from Eq. (12) by <2% as discussed in
Section 7.1.

The flow through the thin salivary film develops in the follow-
ing steps. Initially, a uniform salivary film of an infinitesimally
small thickness is assumed to be present in the food canal. The liq-
uid/air interface is circular and Eq. (21) represents the equilibrium
capillary pressure before the application of proboscis to the liquid
source, t < 0. When the proboscis touches the liquid, the suction
pressure (20) is created spontaneously at the legular bands.
Therefore, the liquid flows through the legular bands and the
liquid/air interface forms a bump. In Fig. 5A, this bump is shown
at t=Tref ¼ 0.0035 by the black solid curve. The corresponding
pressure distribution is shown as the black curve in Fig. 5B. It is
evident that the pressure propagates as a wave along the film.
The pressure perturbation is initially localized near the legular
band and far from this band; it remains equal to the initial value,
Rðp� patmÞ=r ¼ �1=ð1� H0Þ.

The film evolution at the first moments of time is controlled by
two mechanisms: the capillary forces tend to smooth out all



Fig. 4. (A–D) Film profiles in polar coordinates at different time moments, at fixed step calculated using the model (17)–(21) with H0 ¼ 0:01; (A,C) Q ¼ 10�5, (B,D) Q ¼ 10�4;
(A,B) Dorsal and ventral legular bands are functional, time moments 0 < t/Tref < 0.25, at step 0.0625. At the time moment corresponding to the red curve, the transition
between the two limiting flow regimes occurs and the film rapidly takes on a circular shape and becomes almost uniform. From this moment on, the cross-section of the
growing film remains circular and hence dependence (12) describes the dynamics of food-canal filling. (C,D) Only one legular band is functional, time moments 0 < t/
Tref < 0.75, at step 0.125. The red profiles are taken at t/Tref = 0.25, 0.5, and 0.75. With a single functional legular band, more time is required for the film to spread over the food
canal and form a circular profile. The net of the polar system of coordinates is shown at step 0.2 in the radial direction from 0 to 1, and at step 30� in the angular direction from
0� to 360� (see the outer labels).(E) The plot of film thickness at h = p/2 (solid curves) and at h = 0 (dashed curves) as a function of time for the case of two functional legular
bands. The blue (Q = 10–5) and red (Q = 10–4) curves are calculated using the model (17)–(21) with H0 = 0.01. To match the predictions of the full model, the black dashed
curves corresponding to the simplified model (12) were calculated, adjusting the initial conditions according to Eq. (24) where D = –0.02 and 0.012 for the upper and lower
curves, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. The characteristic features of the uptake dynamics at H0 ¼ 0:01and Q = 10–4. (A) The unfolded film profile h/R and (B) corresponding dimensionless pressure (p–patm)R/
r as functions of angular position h/p at time moments t/Tref = 0.0035 (black solid curve), 0.07 (red curve), 0.14 (blue curve), 0.21 (green curve), 0.28, and 0.35 (dashed curves).
The marked points in (B) specify the position h=p in the food canal where the minimum pressure is reached at the given moment of time. (C) The unfolded film profile h/R at
different time moments. (D) The corresponding pressure distributions in the films shown in Fig. 5C. These curves illustrate formation of a boundary layer near points B and B0

with a high pressure gradient. The greatest pressure gradient is developed at the time moment t/Tref = 0.1435 when the minimum pressure is observed at points B and B0

(brown curve). The film profiles and pressure distributions are calculated between the time moments 0.14 (blue curves) and 0.28 (dashed curves) at fixed time step 0.0175 for
the same conditions as those given in Fig. 5A, B. When the shoulders of two bumps approach each other at points Bðh ¼ 0Þ and B0ðh ¼ pÞ of the food canal, the bump height
h(t, p/2) demonstrates a non-monotonous behavior. The bump height first increases between the time moments 0 and 0.175 and then decreases for a short period and then
continues to increase. The blue, green, and dashed curves correspond to time moment t/Tref = 0.14, 0.21, and 0.28, respectively. The black solid curves correspond to the
intermediate time moments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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surface perturbations while the entering fluid causes the local bul-
ging of the free surface. Once a small bump forms at the film sur-
face as shown in Fig. 5A by the black solid curve, the pressure in the
film at h ¼ p=2 spikes (Fig. 5B). Specifically, the pressure at the
bump center instantaneously increases, remaining negative.
Simultaneously, the pressure at the bump shoulders dimples
down, indicating a stronger suction of the liquid from the bump.
As the bump in Fig. 5A grows, expanding its shoulders, the pressure
at the bump center decreases, while the peak suction pressures at
the bump shoulders move from the legulae towards the leftmost
and rightmost points Bðh ¼ 0Þand B0 (h ¼ pÞ. Here, the counter-
directed mirror symmetric flows from the ventral and dorsal legu-
lar bands meet. Two pairs of pressure waves associated with two
pairs of symmetric bump shoulders run along the film from points
A and A0 toward points B and B0. The propagation of a pair of pres-
sure waves from a single legular band is shown in Fig. 5B by the
solid curves.

Initially, the two bumps do not interact; that is, their shoulders
are far from each other. This can be seen from Fig. 6A and B, where
the pressure (Fig. 6A) and the film thickness (Fig. 6B) are shown at
10
point B by the dashed curves for H0 = 0.01 and various Q (see the
legend for color interpretation) as functions of time. At an initial
time frame t=Tref <0.01 for Q = 10–5 and t=Tref <0.05 for Q = 10–4

the pressure is almost constant.
The interval of constant pressure is followed by a spike – the

rapid increase, decrease, and increase of pressure. The spike ampli-
tude and the time interval of constant pressure both increase with
Q and decrease with H0. The spike indicates the interaction of two
bumps, and three phases of the pressure wave development can be
distinguished accordingly. At the first phase, when the pressure
increases, the two bumps interact through their shoulders while
expanding. At the second phase, when the pressure decreases,
expansion of bumps slows. As illustrated in Fig. 6B, the second
phase ends at t=Tref ¼ 0.07 for Q = 10–5 and at the time moment
t=Tref ¼0.16 for Q = 10–4. The third distinguishable phase of wave
propagation starts with the second increase of pressure when the
film thickness rapidly increases at point B, and the bump is
smoothed out as a result of spontaneous release of liquid from
the bump hump towards its shoulders. As a result of this flow,
the rate of growth of the bump height slows down during the third
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phase, or the height may even decrease. Once the third phase is
ended and the pressure relaxed, the film becomes almost circular.
The collapse of the circular bubble is described by Eq. (12) fairly
well.
7. Discussion

7.1. Characteristic times of food canal filling

Clearly, the overall filling time tsc and the duration of each of the
two main stages of fluid flow depend on Q and H0. Numerical anal-
ysis conducted for 10–3 < H0 < 10–1 and 10–7 < Q < 10–4 using the
model (17)–(21) reveals that the overall filling time can be
described by the following expression

tscðQ ;H0Þ ¼ Tref ð1� H0Þ3 1þ Nð Þ ð25Þ
NðQ ;H0Þ ¼ 3lnH�1
0

4pð1� H0Þ3
QH�1

0

The set of (H0; Q) conditions used for simulations and verifica-
tion of expression (25) is shown by points in Fig. 7. The corre-
sponding filling times are plotted against expression (25) in
Fig. 7B for comparison. In Eq. (25), the factor (1–H0)3 is introduced
to correct Eq. (12) for non-zero initial film thickness. The correction
term N(Q, H0) in parentheses of Eq. (25) is introduced to extend
formula (12) and include the effect of fluid flow through a thin film.
For very thin films, as H0 ? 0 this term goes to infinity,N?1, and
the overall filling time becomes independent of Q

tsc � gR
r

H�1
0 lnH�1

0 ; Q ! 1; H0 ! 0 ð26Þ

This important feature of the model indicates the significance
for the food canal of the proboscis to be sufficiently wet. Otherwise,
flow resistance through a very thin salivary film would not allow
the incoming fluid to spread rapidly over the entire food canal
and would jeopardise the efficiency of fluid uptake. The estimate
(26) is in agreement with the results of Reference (Kiradjiev
et al., 2019) where the authors studied the features of two-
dimensional film spreading over a flat surface from a line source.
They showed that the time of film spreading scales as –ln H0.

In Fig. 7A, we show a series of dashed curves – the contour lines
tsc/Tref = const. The magenta, red, and blue contour lines correspond
to tsc/Tref = 0.97, 1, and 1.03, respectively. These contour lines span
a large (central) region in the (H0; Q)-plane. In this region between
the blue and magenta boundaries, the ratio tsc/Tref is about 1,
tsc/Tref � 1, suggesting that the filling time tsc is almost equal to Tref
3

Fig. 6. (A) The dimensionless pressure and (B) the dimensionless film thickness as
functions of time at points A and B for H0 ¼ 0:01(solid curves correspond to h = p/2
and dashed curves correspond to h = 0), and for H0 ¼ 0:05(dash-dotted curves
correspond to h = p/2; the point h = 0 is not shown). A slight increase of H0 from 0.01
to 0.05 makes the bumps and dimples less pronounced. The same effect is caused by
a decrease of Q. (C) The position h/p of the point where the minimum pressure is
reached in the film. The markers correspond to the positions of pressure minima in
Fig. 5B. The solid curves – H0 = 0.01, the dash-dotted curves – H0 = 0.05. The
formation of bumps at H0 ¼ 0:05 and Q = 10–7 and at H0 ¼ 0:05 and Q = 10–6 is so
rapid that it cannot be resolved by the numerical solution at time step �10–4 Tref
and angular step �0.01p of integration. Thus, the pressure minimum in the wave
moves instantaneously to points B and B0and hence the purple and black dash-
dotted curves are set at h � 0. (A–C) Q = 10–4 (red curves), Q = 10–5 (blue curves),
Q = 10–6 (black curves), and Q = 10–7 (purple curves). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)



Fig. 7. (A) The subdivision of the (H0,Q) � plane by the contour lines tsc/Tref = const.
The dashed contour lines are calculated at the fixed step 0.03, where the uppermost
contour line at H0 � 0.1 corresponds to tsc/Tref = 0.73, while the magenta, red, and
blue contour lines correspond to tsc/Tref = 0.97, 1, and 1.03, respectively. The lower
black inclined contour lines below the blue dashed line are calculated for
tsc/Tref = 1.06, 1.09, 1.12, and 1.15, respectively. The vertical lines specify the Q
values for different lepidopteran species from Table 1 at arbitrary H0 and fixed
k ¼ 10�15m2. The solid red line is also calculated assuming k ¼ 10�15 m2for
Manduca sexta (Sphingidae); it corresponds to the extreme Q value. The species in
Table 1 are sorted with respect to the Q-value, in descending order. (B) Numerically
calculated overall filling time vs. approximate formula (25). The markers corre-
spond to the same markers on (H0,Q) � plane in (A). The black triangles and squares
and magenta circles group near the ratios tsc/Tref ¼ 0.73, 0.91, and 0.97, respectively,
in accordance with the corresponding contour lines in (A). All magenta, red, and
blue circles lie within the large region between the magenta and blue contour lines
in (A) and group closely in (B) suggesting almost the same ratio, tsc/Tref � 1. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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defined by formula (12). Thus, the filling time should not depend
on the film thickness H0 within this domain.

Two more subdomains can be introduced in Fig. 7A: the subdo-
main situated above the magenta contour line and the subdo-
main situated below the blue contour line. In the upper
subdomain the contour lines are horizontal suggesting that the
ratio tsc/Tref is independent of Q. Here, the filling time can be
described by the simplified model (25) with N ¼ 0. Thus, at the
physically reasonable values of Q , the effect of flow along the thin
film in the food canal diminishes as H0 > 10–2. In the lower subdo-
main below the blue contour line, the contour lines are inclined
suggesting that both dimensionless parameters H0 and Q are
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equally important. However, the results shown in Table 1 suggest
that there are no species with H0, Q values that would fall into this
region.

The vertical lines in Fig. 7A specify the Q values for different
lepidopteran species from Table 1 at arbitrary H0 and fixed
k ¼ 10�15 m2, corresponding to the legular bands with slit-like
pores having 100-nm openings. With this choice of permeability,
fluid uptake is mostly controlled by the permeability of the legular
bands.

To evaluate the fluid-uptake scenario for species having larger
permeability values, one needs to multiply the given Q by the cor-
rection factor for permeability. For example, if the slit-like pores
have opening e � 1lm, resulting in permeability k ¼ 10�13 m2,
all the markers on the horizontal Q axis must be multiplied by
100. Therefore, the vertical line for Manduca sexta in Fig. 7,
Q ¼ 2 	 10�7, should be shifted to Q ¼ 2 	 10�5. Inspection of species
from Table 1 suggests that fluid uptake is mostly controlled by the
permeability of the legular bands for any initial film thickness, pro-
vided that it is above 0.01R.

The approximate formula (25) describes all numerical data
given in Fig. 7A. The limiting case given by Eq. (26) is beyond the
scope of these calculations because it does not reflect the physio-
logical parameters of organisms listed in Table 1.

7.2. Comparison with the conventional mechanism of proboscis filling
through an opening at the proboscis tip

The proposed mechanism of fluid uptake by fluid-feeding
insects with a lengthwise opening can be compared with the con-
ventional mechanism of fluid filling of a proboscis through an
opening at its tip. In the latter case, we can assume that the lumen
is open at the proboscis tip and use the Lucas-Washburn theory
(Lucas, 1918; Washburn, 1921) to estimate the filling time tLW of
a proboscis of length L:

tLW ¼ 2gL2

rRcos#c
ð27Þ

where #c is the contact angle that the fluid makes with the wall of
the food canal. Assuming that the food canal is completely wettable
by the liquid food, and plugging #c¼ 0 in Eq. (27), we can form the
ratio tLW=Tref as

tLW
Tref

¼ 6
p
Q
L2

R2 � 2Q
L2

R2 ; Q ¼ 3kw
R2l

ð28Þ

which is independent of the liquid properties and depends only on
the proboscis characteristics. As estimated earlier, the parameter Q
for Lepidoptera changes in the range 10–7 < Q < 10–5. The ratio

ðL=RÞ2 for the Monarch butterfly is ðL=RÞ2 � 105. While the perme-
ability of most lepidopteran species is unknown, the measured per-
meability for the Monarch suggests that the ratio (28) is about one,

tLW=Tref � 1. The ratio ðL=RÞ2 for Manduca sexta is ðL=RÞ2 � 106

(Zhang et al., 2018; Lehnert et al., 2016) and for the Violet-

washed skipper (Damas clavus) is ðL=RÞ2 � 4	106 (Lee et al., 2014)
Thus, the ratio of filling times for the Lucas-Washburn mechanism
of food-canal filling through an opening at the tip and for the pro-
posed mechanism of food-canal filling through lengthwise perme-
able bands may change within a broad range of
1 < tLW=Tref < 100. This large ratio indicates that proboscis filling
through the lengthwise permeable bands might be advantageous
for the insects, or at least, competitive with the mechanism of
food-canal filling through a terminal opening. The estimate (27) is
optimistic, as it assumes that the proboscis is wide open at the tip
and hence there is no resistance to flow through this end. This
assumption might be questionable, as the proboscis tip has been



Fig. 8. (A) The distal part of the horse fly proboscis (Philoliche rostrata) is responsible for nectar intake. Inset: Cross section of the distal part containing the food canal (fc)
closed by a dorsal tongue and groove joint. The red arrow indicates the opening gap for liquid entry into the food canal. Adapted from reference (Karolyi et al., 2014). (B) Head
and proboscis of a female mosquito (Anopheles stephensi). The piercing structures lie in the scaled sheath. (C). Cross-section of this mosquito and (D) fly proboscises showing
the food canal (Fc); the red arrow indicates the opening for liquid entry into the food canal. (B-D) are adapted from references (Krenn and Aspock, 2012; Cerkvenik et al.,
2019). (E) Long-tongued orchid bee approaching a flower, with unfolded proboscis. Inset: Micro-CT scan of the proboscis cross-section in resting position; scale bar = 50 lm.
The white arrow indicates the opening for fluid entry. Adapted from (Duster et al., 2018). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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shown experimentally to be closed but insects can employ different
methods to open it partially (Tsai et al., 2014; Monaenkova et al.,
2012).

7.3. Biological implications and evolutionary perspectives

A literature survey of many fluid-feeding insects (Krenn, 2019)
indicates that their proboscises share similar structural organiza-
tion: a food canal with slits along its length (Krenn and Aspock,
2012; Krenn, 2019; Krenn and Muhlberger, 2002; Barraclough
et al., 2018; Bauder et al., 2013, 2011; Duster et al., 2018; Karolyi
et al., 2014, 2012; Cerkvenik et al., 2019). The food canal may have
one open lengthwise slit, as in the proboscises of horse flies and
mosquitoes (Fig. 8A, B), or it may have two permeable lengthwise
bands of slits, as in the proboscises of butterflies and moths
(Fig. 8D) and orchid bees (Fig. 8E). This similarity of mouthpart
organization in insects from different groups has been largely
ignored (Krenn and Aspock, 2012; Krenn, 2010, 2019; Cerkvenik
et al., 2019), or at least the functional importance of these openings
has not been discussed. We suggest that lengthwise permeable
bands connecting the food canal with the fluid increase the effi-
ciency of fluid uptake. Thus, this mechanism of fluid uptake should
broaden the opportunistic exploitation of food and water sources,
compared with having a drinking straw-type of proboscis with a
single terminal opening or a restricted drinking region.

Two critical elements of the proposed feeding mechanism are 1)
lengthwise permeability along the proboscis and 2) coating of the
food canal walls with a thin film of saliva. In addition to butterflies
and moths, long-tongued insects such as bees, certain horse flies,
nemestrinid flies, and mosquitoes have gaps along their pro-
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boscises (Krenn and Aspock, 2012; Karolyi et al., 2012; Cerkvenik
et al., 2019). More generally, the paired nature of haustellate
mouthparts, typically assembled after emergence from the pupa
(Zhang et al., 2018; Pometto et al., 2020), predispose long-
tongued insects to the presence of seams or gaps where the paired
structures meet. Permeability along the length of the proboscis has
been demonstrated for Lepidoptera (Monaenkova et al., 2012;
Kwauk et al., 2014), but permeability data are needed for other
groups of long-tongued insects.

A salivary coating of the food canal would be expected in long-
proboscis insects, such as butterflies and moths, which use the
same channel for salivary discharge and fluid uptake. Similarly,
in long-tongued horse flies (Philoliche) and nemestrinid flies, the
greatly elongated portion of the proboscis (prementum) extends
well beyond the separate hypopharynx that contains the salivary
duct (Karolyi et al., 2014, 2012). However, in insects with separate
channels for saliva delivery and fluid uptake, such as aphids, true
bugs, and most blood-feeding insects (Karolyi et al., 2012; Cohen,
1990; Brozek et al., 2015), the potential wetting of the food canal
might not apply in a manner similar to that of butterflies and
moths. In most blood-feeding insects, and particularly in plant-
feeding and predatory insects, the feeding period is considerably
longer, often lasting many hours for plant feeders, and the selective
value of an enhanced fluid-uptake mechanism, as seen in Lepi-
doptera, might be minimal. We also note that in some of these
plant-feeding and predaceous insects, the coupling mechanism of
the mouthparts is elaborate (e.g., Fig. 1 in Cohen (1990)), compared
with that of butterflies and moths, and might limit fluid uptake
along the length. Perhaps in many insects that pierce plant and ani-
mal tissue, selection favors a tighter bundle of mouthparts over
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rapidity of fluid uptake. Thus, the proposed mechanism of
enhanced fluid uptake along the length of the proboscis might
not apply; experimental investigation is needed.

Fluid uptake through lengthwise permeable bands and slits
would offer an expanded range of feeding opportunities for insects
by providing faster fluid delivery over the entire proboscis length
exposed to the fluid. For long-tongued insects, this mechanism
might be particularly important, as it would allow them to con-
serve energy while acquiring fluid (Daniel et al., 1989; Kornev
et al., 2017), and for hovering insects, it would decrease the ener-
getic costs of sustained flight while feeding from floral tubes. Lepi-
doptera with pores or slits along the entire proboscis also would be
more efficient in feeding from wet surfaces, such as damp soil or
rotten fruit, allowing them to apply much of the proboscis to the
liquid surface, rather than acquiring the liquid through a straw-
like device with only a terminal opening or with a drinking region
in only the distal 5–20%. Thus, the sweeping motion of the pro-
boscis of these surface-film feeders (Knopp and Krenn, 2003)
would be coupled with permeability of the legular bands. Long-
tongued flies can consume all nectar in a flower when the pro-
boscis is longer than the floral tube (Pauw et al., 2009), suggesting
the benefit of porosity along the proboscis.

A more efficient fluid-feeding mechanism should also reduce
exposure time to predators if less time were spent conspicuously
feeding (e.g., while hovering). If predation has been a strong selec-
tion force acting against hovering insects, such as the hawk moth
Xanthopan morganii praedicta, as they obtain nectar from flowers,
the short feeding time (7 s or less) (Wasserthal, 1997; Arditti
et al., 2012) would be facilitated if nectar uptake is not limited to
the proboscis tip. The nectar column in floral tubes of A. sesquipe-
dale is sometimes discontinuous (Wasserthal, 1997) and even if it
is only at the bottom of the tube, it would be displaced toward
the insect’s head as the proboscis enters the column. The nectar,
therefore, could be more efficiently and rapidly exploited by a pro-
boscis that is permeable along its length. This advantage positions
long-tongued pollinators with lengthwise permeable bands as an
evolutionary driving force as plants accommodated unrelated pol-
linators, each with a longer tongue (Whittall and Hodges, 2007). An
additional benefit is accrued by Lepidoptera, which can behav-
iorally control permeability of the legular bands during feeding
by using a variety of proboscis actions, such as anti-parallel move-
ments of the galeae and bending and straightening of the proboscis
(Tsai et al., 2014; Kwauk et al., 2014; Zhang et al., 2018, 2019).

For the best-studied examples (i.e., butterflies and moths), we
suggest a possible evolutionary scenario illustrating the selective
value of enhanced fluid uptake. The earliest fluid-feeding Lepi-
doptera would not have required linked galeae with porous legular
bands. Their short, unlinked, hairy galeae would have allowed
them to acquire liquid nourishment and water, via capillarity, from
accessible droplets of moisture and gymnosperm fluids
(Monaenkova et al., 2012; Kristensen et al., 2007). However, a
selective advantage would be gained by those individuals with a
proboscis capable of entering crevices to extract liquids. The evolu-
tion of angiosperms, particularly floral corollas that held nectar as
an energetic reward, would have further selected for more tightly
linked galeae (Krenn, 2010; Krenn and Kristensen, 2000). We have
argued elsewhere (Pometto et al., 2020) that well-linked galeae are
necessary for the proboscis to enter floral tubes as a functional
unit. This need is probably especially acute in long-tongued insects
that expend energy while hovering. In addition, nectar is not only
at the bottom of a flower, but also distributed as films and droplets
along the inner walls of the floral tube. An insect with linked
galeae, therefore, would benefit from having permeable legular
bands along the length of the proboscis, compared with having a
single terminal opening or a restricted drinking region. Further
fine-tuning of the permeability mechanism could then be achieved
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with the evolution of behavioral movements of the proboscis to
increase or decrease pore size in the legular bands (Tsai et al.,
2014; Kwauk et al., 2014).
8. Conclusion

We propose a new mechanism of enhanced fluid uptake by
insects, which takes into account an important morphological fea-
ture of their proboscises: lengthwise permeable bands. Using Lepi-
doptera as an example of fluid-feeding insects, we presented the
characteristic features of the associated fluid flow and highlighted
the importance for the insect to have a food canal wetted with sal-
iva. The salivary film is an important quantitative measure of the
enhanced ability of the insect to take up fluid. We showed that
fluid uptake will be hindered if the thickness of this saliva film is
very small. Quantitatively, this thickness can be estimated by
knowing the typical time that the insect spends acquiring liquid
(Fig. 7). When the food canal is well wetted with saliva, fluid
uptake is mostly controlled by resistance of the permeable length-
wise bands, and the time for filling the food canal is estimated
using formula (12).

The proposed mechanism is advantageous especially for long-
tongued fluid feeders that use the same canal for saliva discharge
and uptake of liquid food and water, as it allows fluid to enter
the saliva-wetted food canal along the entire length of the pro-
boscis that is exposed to the fluid. The estimated time of liquid
uptake through the apical region of the proboscis would typically
be greater for long-tongued Lepidoptera. Moreover, the proposed
fluid uptake mechanism reduces the overall amount of energy
required to bring fluid to the sucking pump and thence to the
digestive system.
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