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Abstract 

The proboscis of butterflies and moths consists of two C-shaped fibers, the galeae, which are united 

after the insect emerges from the pupa. We observed that proboscis self-assembly is facilitated by 

discharge of saliva. In contrast to vertebrate saliva, butterfly saliva is not slimy and is an almost 

inviscid, water-like fluid. Butterfly saliva, therefore, cannot offer any viscoelastic adhesiveness. 

We hypothesized that capillary forces are responsible for helping butterflies and moths pull and 

hold their galeae together while uniting them mechanically. Theoretical analysis supported by X-

ray micro-computed tomography on columnar liquid bridges suggests that both concave and 

convex liquid bridges are able to pull the galeae together. Theoretical and experimental analyses 

of capillary forces acting on natural and artificial proboscises show that these forces are sufficiently 

high to hold the galeae together.  

 

 

1. Introduction   

The feeding device (proboscis) of butterflies and moths consists of a pair of C-shaped fibers, the 

maxillary galeae [1]. The two galeae form separately during the pupal stage and typically are 

assembled by a defined sequence of repeated actions into the united proboscis when the insect 

emerges from the pupa [2-4] (Fig. 1A). Each galea is a functional unit equipped with internal 

muscles, nerves, tracheae, and blood (Fig. 1B) [1, 5]. When the two galeae are united, the proboscis 

becomes a tube-like device, and the C-halves form a food canal (Fig. 1B) through which liquid is 

delivered to the gut, aided by a suction pump in the head [6-8].  
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Figure 1. Monarch butterfly (Danaus plexippus). A) Adult emerging from the pupa. The galeae of the 

proboscis are initially two separate strands. Emergence of the insect and proboscis assembly were tracked 

at 100 frames per second (fps), using a Sony Pro Camera DSLR A100. B) Cross-section of proboscis; each 

galea contains a trachea (tr), muscles, and blood enclosed by a cuticular wall. When the galeae are united, 

at the dorsal legulae (dlg) and ventral legulae (vlg), their C-shaped walls form the food canal (fc). 

Magnification of the boxed area reveals the linkage mechanism formed by the legulae at the ventral side of 

the proboscis. C) Drops of saliva are typically observed during proboscis assembly. A saliva droplet (arrow) 

is visible on the ventral side of the proboscis between the two galeae, which are not yet united.  

 

The galeae of the long-tongued moths and butterflies are joined by a series of cuticular projections 

called legulae (Fig. 1B); the galeal musculature of these lepidopterans is fully developed to allow 

each galea to perform complex maneuvers [1, 3, 9]. The two galeae, united as the proboscis, 

function as a single organ during routine use by the insect.  

We hypothesize that butterflies rely on natural physical phenomena acting independently and 

without muscle actuation to help unite the galeae into the proboscis. A theoretical investigation of 

biomechanical causes of galeal attraction becomes important for understanding assembly of the 

lepidopteran proboscis. 
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An important clue in developing our hypothesis was previously suggested by biologists when they 

noticed that assembly of the proboscis is accompanied by the appearance of saliva [1-3, 6] (Fig. 

1C). Previous workers [1] have suggested that saliva acts as an adhesive gluing the galeae together. 

The gluing action of a liquid assumes its sliminess and stickiness. The saliva of butterflies has no 

mucin or other proteins imparting sliminess or viscoelasticity to the fluid, but instead follows 

purely Newtonian behavior and is nearly inviscid [10]. Therefore, while appreciating the important 

role of saliva during proboscis assembly, we hypothesize that Lepidoptera rely on capillary action 

of salivary bridges to pull and hold the galeae together while the insect mechanically couples the 

two strands. The most familiar expression of this capillary effect is the coalescence of wet hair 

[11].  

 

To evaluate our hypothesis of capillary-assisted gathering of the galeae, we provide an analysis of 

the action of a saliva column spreading along the length of the food canal including along the half 

of each separated galea. The distribution of saliva over the length of the separated galeae was 

specified using micro-computed tomography (micro-CT). With specified meniscus configurations, 

we set up a model for an intergaleal saliva column and theoretically find the critical conditions 

when this column can hold the galeae together. We then use our model to estimate the capillary 

forces acting on the galeae and test its predictions on artificial plastic proboscises. We conclude 

that the forces are strong enough to hold the galeae in proximity to each other while the insect 

couples the legulae. 

 

2. Behavioral features of proboscis assembly 

2.1. Structural features of the lepidopteran proboscis  

The two galeae are coupled by ventral and dorsal arrays of legulae (Fig. 1B) that are differently 

shaped [6, 9]. Ventral legulae consist of adjacent hooks that hold the galeae together yet allow 

longitudinal sliding (Fig. 1B). The dorsal legulae typically do not couple, but instead overlap or 

abut. The legulae and food canal are hydrophilic; for example, a water meniscus forms an 

approximately 45̄ contact angle with the food canal wall of the proboscis of the monarch butterfly 

(Danaus plexippus) [7, 12]. 

 

2.2 Role of saliva in proboscis assembly 
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Figure 2. Saliva droplets are seen between two separated galeal strands of a just-emerged monarch butterfly 

(t = 0 min). When the proboscis is coiled, the drop is released near the head (t = 5.5 min). The drop of saliva 

then appears where the galeae are separated (t = 11 min). The proboscis is uncoiled (t = 16.5 and 22 min) 

and the galeae are brought together by capillary effect. Drop release was tracked at 30 fps, using a digital 

microscope (GSI® GWC60-1). 

When the galeae are separated, we noticed that the butterfly produces saliva during the assembly 

(Fig. 2). However, saliva does not continuously wick into the gap separating the galeae. The release 

and retraction of saliva are controlled by a muscular pump in the butterflyôs head, as inferred from 

our observations and those of Krenn [3]; saliva droplets periodically appear and disappear, 

suggesting that the insect produces saliva droplets as needed. Once released, saliva moves to the 

internal surface of the coil and collects at the point where the galeae are separated. This drop 

bridges the separated galeae. The butterfly pushes the drop back and forth and coils and uncoils 

the proboscis, adjusting the coil radius to ensure that the drop is placed in a position to hold the 

branching galeae together. We have previously discussed the physical mechanisms of drop 

formation on the inner margin of the coiled proboscis [13].  

 

Proboscis assembly involves repetitive coiling and uncoiling and sliding of the galeae over one 

another in antiparallel movements, accompanied by discharge of saliva between the galeae. 

Coiling and uncoiling help align the separated galeae when they are sometimes slightly entangled 

with one another [3]. Antiparallel movements putatively contribute to galeal coupling of the 

ventral legulae [14]. Joining the galeae proceeds from the base to the apex of the proboscis and is 

facilitated by saliva [8]. Coiling and uncoiling the proboscis by the butterfly does not change the 
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assembly scenario: the butterfly continues releasing saliva that bridges the galeae together until 

they are united [15]. 

 

During proboscis assembly, we observed saliva spreading over the medial surface of the galeae, 

forming a liquid column with menisci facing the air from the anterior and posterior ends of the 

proboscis (Figs. 2, 3). The surface tension of the air-saliva interface, together with capillary 

pressure under the menisci, would force the two galeae together. Our observations suggested that 

saliva can propagate along the entire length of the separated galeae while the butterfly is uniting 

them. However, optical imaging does not allow these observations to be validated, and the 

opportunity to capture proboscis self-assembly in the brief period (within ca. 1 hour) following 

emergence limits experimental investigation. We, therefore, used micro-CT on freshly killed 

insects to acquire the 3D configuration of liquid menisci by scanning with X-ray imaging based 

on the density contrast of materials.  

 

2.3 Menisci in completely separated galeae 
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Figure 3. Modeling saliva action. A) A hawk moth was pinned to the substrate, and the galeae were 

separated and straightened. Two pins (red dots) held the two galeae (subscripts ñRò (GR) and ñLò (GL) 

identify the right and left galae (G) as seen from the dorsal side of the proboscis) at the tips. A contrast 

agent, OMNIPAQUETM (iohexol), was injected at the vertex of the V-split galeae. A liquid bridge (blue 

curved triangle) was observed. B) In the Bruker SKYSCAN 1176 instrument, the moth was stationary while 

the X-ray source and detector acquired images. C) An illustrative example of the cross-sectional shapes of 

the liquid column taken at different positions along the proboscis from e) to a). The  liquid finger with 
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almost constant radius of curvature spreads over the ódôïóeô span and ends at position óeô. The frontal 

meniscus at ócô has a complex saddle-like shape. The columnar liquid bridge spreads over the óbô ïócô span. 

D) Cross-sectional area of the liquid finger versus position along the separated galeae for different 

individuals; the zero point is taken at the galeal tip. The gray data set for galea GL
2 (i.e., the left galea of the 

second individual) is shown as a straight line (the mean) and its error bar (standard deviation). E) Summary 

for the cross-sectional area of a liquid finger situated in each separated galea of 5 different individual moths; 

the solid blue bar represents the mean of all micro-CT measurements along each galea, and the error bar 

represents the standard deviation of these measurements.  

A Bruker SKYSCAN 1176 Micro CT instrument was used in our experiments. It allows features 

of the meniscus/substrate pair to be identified with an accuracy of 9 ɛm. Therefore, the larger the 

proboscis, the better the resolution of menisci. To increase the scale of the proboscis, we used the 

hawk moth Manduca sexta, with a proboscis length of about 7 cm and food canal diameter (at mid-

length) of about 80 micrometers. Hawk moths (n = 5) within 24 hours after emergence from the 

pupa were frozen at -18 °C overnight, allowing us to exclude the influence of insect motion while 

retaining a flexible (and assembled) proboscis. The proboscis was uncoiled, and the galeae were 

separated from the tip toward the head at an angle of about 20°, while ensuring that a section of 

the probosics near the head remained together. The separated tips of the proboscis were fixed to a 

plastic foam stage with double-sided tape to maintain the shape of the separated proboscis. The 

head of the moth, with the holder, then was attached to a half-cylindrical polystyrene foam stage 

designed to fit the micro-CT channel.  

 

About 1 ml of OMNIPAQUETM (iohexol) was injected at the vertex of the V-split galeae. It wetted 

the food canal and spread along the galeae. This liquid provides good contrast of menisci against 

other materials under the X-ray beam.  Within five minutes after the contrast agent was fully spread 

and the menisci reached their equilibrium configurations, the sample was placed on the stage of 

the micro-CT instrument and scanned at 9 ɛm resolution. Five moths were used for the scan. Fig. 

3C shows an example of the cross-sectional shapes of the liquid body taken at different positions 

along the united part of the proboscis and separated galeae.   

Hereafter, we refer to the liquid body in the region óbôïócô as the columnar bridge or liquid column. 

The liquid body in the region ócôïódô of the separated galea is the liquid finger, and the air-liquid 

interface in each cross-section of the liquid body is the meniscus.  

Three distinguishable configurations of meniscus profiles were observed. In the region where a 

segment of proboscis remained unseparated (position óaô in Fig. 3C), the liquid formed a circular 

cylindrical column in the food canal of the united proboscis. Where the proboscis was separated 

at the vertex of the V (positions óbô and ócô in Fig. 3C), we observed a liquid bridge with two 

concave menisci indented toward the liquid interior; this liquid bridge connected the two separated 

galeae. We identified the shape of the liquid bridge as being formed by the two side arcs of the 

wall of the food canal and the two middle arcs as the interfaces of liquid and air.  

In the region where the proboscis was fully separated (positions ódô and óeô in Fig. 3C), no liquid 

bridge was found; instead, we observed two separated liquid fingers running along the C-shaped 
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walls of the galeae. The cross-sections at different positions in this region show that the fingers 

formed a crescent moon-shaped cross-section in each half of the food canal. The measured cross-

sectional areas of fingers along each semi-circular half of the food canal remained almost the same 

(Fig. 3D), indicating each finger is a uniform liquid column. The average cross-sectional area of 

the liquid finger varies from one galea to the other, probably as a result of slight differences in the 

radius of the food canal and the wetting properties. The representative images for the 

measurements of the cross-sectional area of the liquid finger for each individual are in 

Supplementary Materials (Fig. S6).  

These observations suggest that the surface properties and geometrical shapes of the C faces of the 

galeae do not typically differ from one individual to another. The constancy of the finger cross-

sectional areas over a long period of time (> 20 minutes) of micro-CT scanning suggests that the 

liquid fingers coexist in equilibrium with the liquid bridge. Accordingly, the formed fingers can 

be used for characterization of the wetting properties of the food canal.   

Our experiment with live hawk moths and our observations of proboscis self-assembly of live 

monarch butterflies and painted lady butterflies (Vanessa cardui) assembling their proboscises 

allow us to conclude that (1) saliva forms a cylindrical column in the unseparated food canal and 

(2) a liquid bridge forms at the conjunction of galeal separation. Experiments on freshly dead 

insects show that two liquid fingers form with crescent moon-shaped cross-sections in the semi-

circular walls of the food canal of each galea. Based on this imaging, we build the model of a 

liquid bridge connecting the separated galeae.   

3. Model formulation  

According to our observations, the galeae come together only when their edges are aligned almost 

parallel to one another. Saliva is always present during proboscis self-assembly and is pumped by 

the insect until the galeae unite. Therefore, the saliva column bridging the galeae together seems 

to facilitate galeal assembly.  

Our observations on live butterflies and those of Krenn [3] revealed that in the vicinity of the point 

where the galeae begin to separate, the radius of curvature of the proboscis coil is always much 

larger than the intergaleal distance. Therefore, when evaluating the capillary force acting on the 

galeae, as a first approximation we can consider the galeae as straight parallel beams [16-18] pulled 

together by a force Ὢ acting per unit length of each galea (Fig. 4).  

This capillary force is expected to scale as Ὢ ς„όὨȾὶ, where „ is the surface tension of saliva 

measured in Newtons per meter, ςὨ is the spacing between the two opposite legular bands of the 

two galeae, and ὶ is the radius of the food canal. The function όὨȾὶ,  has to be identified by 

solving the Laplace problem of capillarity, which we discuss in detail later.  

A model of a liquid column bridging two parallel, round cylindrical fibers was first discussed and 

analyzed by Henry Princen [16, 19] and has since been widely used in different related applications 
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[17, 20-24]. Princen showed [16, 19], that the mechanism of bridge breakup between the angled 

fibers can be revealed by analyzing the behavior of a bridge formed between two parallel fibers. 

We follow this model of the two parallel galeae and assume that when the intergaleal gap reaches 

a certain critical value ὨȾὶ ὨȾὶ ȟ a continuous columnar bridge breaks up, forming two 

fingers running along the internal C-walls of the galeae (Fig. 3C). This model of two parallel galeae 

with a columnar bridge sitting between them allows us to estimate the capillary force exerted on 

the galeae. We examine whether this force is sufficiently strong to hold the galeae together and 

help the insect unite the ventral legulae during proboscis assembly.   

The Princen theory of bridge breakup has been designed to study the columnar bridges trapped 

between round cylindrical fibers, regardless of composition of the fibers [11, 16, 19, 21]. The 

galeae have a complex shape, preventing the immediate application of the Princen theory to this 

case. We, therefore, generalize the Princen theory and study the cross-sectional profile of the 

columnar bridge and its effect on proboscis self-assembly.      

We model the galeae as two infinitely long semi-cylinders running parallel to one another. Only 

the capillary force caused by the saliva bridge is considered; any pressure contribution of flow 

during saliva pumping is put aside and will be discussed below. Thus, the columnar saliva bridge 

is assumed to coexist in equilibrium with the saliva fingers running along the walls of the separated 

galeae (Fig. 4A). We observed that the length ὒ of the columnar saliva bridge is much greater than 

the diameter of the food canal and the intergaleal separation distance ςὨ. 
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Figure 4. (A) A 3D schematic illustrating the shape of the columnar bridge of saliva formed between two 

separated galeae; the columnar bridge is in equilibrium with the liquid fingers, nucleated somewhere at the 

dashed line, running along the walls of each galeae. The dashed box shows a cross-section of the tip of the 

liquid finger defining the contact angle —; the cross-section is taken through a normal vector n to the food 

canal surface parallel to the Z-axis along the food canal.  (B) Bridge cross-section perpendicularly to the Z-

axis assuming that the four contact lines (solid dots) are sitting inside the food canal. (C) A case of a liquid 

bridge with concave menisci; the bridge cross-section  shows four contact lines (solid dots) pinned at the 

legular edges of the food canal. (D) A case of a liquid bridge with convex menisci; the bridge cross-section 

shows four contact lines (solid dots) pinned at the legular edges of the food canal. (E) Schematic of the 

cross-sectional shape of a saliva bridge with concave menisci connecting the two separated, parallel galeae 

with the contact lines pinned at the legular edges of the galeae. (F) Schematic of the cross-sectional shape 
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of a saliva bridge with convex menisci. In (E) and (F), the angles formed by joining the thick solid curve 

and red dashed lines at points A and B are right angles, as indicated by the small red squares. 

The saliva bridge is supported by the C-face walls of the galeae, which are semi-circular arcs in 

cross-section (Fig. 4A). When the galeae are united, the food canal forms a cylindrical channel of 

radius ὶ (Fig. 3C). The separation distance is denoted by ςὨ and corresponds to the distance 

between the two opposite legular edges of the two halves of the food canal. The inequalities ὒ 
 ςὶȟὒ Ὠ  hold true. In setting up the model, we note that the intergaleal gap, ςὨȟ is typically 

much smaller than the capillary length, based on our observations of the butterfly assembling its 

proboscis; thus, ὰ „
”Ὣ, where „ is the surface tension of saliva, ” is the saliva density, and 

Ὣ is the acceleration due to gravity. For water, ὰͯ  τάά. This inequality,  ςὨḺὰ, implies that 

gravitational effects can be neglected [25]. Thus, menisci are mostly shaped by capillary forces. 

The meniscus meets the walls of the food canal at the contact angle —, which is a physical 

parameter of the salivaïcuticle pair.  

 

In the Cartesian system of coordinates ( , , )X Y Z , where the galeae are parallel to the Z-axis, the 

meniscus profile ( )=Y h X  describes the liquid elevation above the reference plane 0=Y  (Fig. 

4). The two menisci forming the saliva bridge are assumed to be mirror-symmetric with respect to 

the X/r-axis. Since the columnar saliva bridge is connected to the saliva fingers where the pressure 

is constant, the pressure in the saliva bridge also has to be constant. This condition of saliva 

equilibrium demands that the menisci must be shaped as circular arcs to satisfy the Laplace 

equation of capillarity, ὖ „ȾὙȟ where Ὑ is the radius of the meniscus arc. Moreover, to satisfy 

the condition of mechanical equilibrium of the columnar bridge/two-fingers system, the Z-

component of the force acting on the system must be zero.  

The force balance in the Z-direction is obtained by constructing a free-body diagram and making 

an imaginary cut perpendicular to the Z-axis and replacing one part of the bridge with an equivalent 

system of forces (Fig. 4A). At this cut, the Z-component of the force consists of five contributions: 

the two surface forces Ὂ  acting along the air/liquid interface, the two surface forces Ὂ  acting 

along the solid/liquid interface, and the force Ὂ caused by the pressure in the saliva; this force,  

Ὂ, acts over the cross-sectional area cut. These five forces are counter-balanced by the force acting 

at the contact line at the end of the liquid finger, Ὂ , and is associated with the solid/air interface. 

The force balance is thus written as:  

Ὂ Ὂ Ὂ Ὂ π                                                                                                             (1)  

To calculate the component forces, one needs to distinguish the following two scenarios of the 

meniscus shaping: (1) the contact lines of the menisci of the columnar bridge are sitting inside the 

food canal (Fig. 4B), or (2) the contact lines are pinned at the legular edges of the food canal (Fig. 

4C, D). 
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4. Analysis of possible scenarios of the saliva bridge shaping and conditions for its 

existence  

4.1 The contact lines are sitting inside the food canal  

The mathematical analysis of the force balance equation given in the Supplementary Material 

shows that a long columnar bridge with the constant radius of menisci cannot be supported by the 

contact lines pinned to the walls of the food canal. The columnar bridge will either bulge up to 

form a droplet, or will  break up to form two separated fingers along the walls of the food canal. 

Thus, the case in Fig. 4B has to be eliminated from further consideration.   

4.2 The contact lines are pinned at the edges of the food canal with concave menisci  

The case where the liquid bridge is pinned to the edges of the food canal is special. As known 

from capillarity [26, 27], a liquid body can form any arbitrary contact angle with a sharp edge of 

any corner. Therefore, the contact angle at which the meniscus meets the sharp edge of any 

substrate is not defined and can take on any arbitrary value. We, therefore, allow the circular arcs 

of the two menisci to approach the edges at any arbitrary angle. Based on Fig. 3C, the pressure 

inside the saliva fingers in the separated galeae with concave menisci is below atmospheric 

pressure. Therefore, the scenario with the convex meniscus (Fig. 4D), offering pressure in the 

bridge greater than atmospheric pressure, cannot support the hypothesis of a quasi-equilibrium 

coexistence of this bridge with the saliva fingers in the separated galeae. Thus, a discussion of 

convex menisci is not applicable to this case. However, the scenario of the bridge with concave 

menisci might be applicable.  

For the concave meniscus, the parameters needed to evaluate the force balance are defined in Fig. 

4E. At the reference cross-section, each liquid/air interface, ὃὄ or ὅὈ, is a part of a circular 

cylinder of radius Ὑ with the cylinder axes parallel to the Z 

-axis. The position of the contact lines where the meniscus meets the galeal walls are specified by 

the angle ‌ formed at the intersection of the ὣ-axis and the continuation of the normal vector to 

the meniscus surface at the edge (Fig. 4E). Thus, the central angle ‌ completely defines the free 

surface of the liquid column. The arcs ὃὅ and ὄὈ are the solid/liquid interfaces and — is the contact 

angle that the tip of the saliva finger makes with the galea wall. With these notations, the force due 

to surface tension at the air/liquid interface is calculated as  Ὂ ὃὄ ὅὈ„; the force due to 

surface tension „  at the solid/liquid interface is Ὂ „ ὄὈ ὃὅȠ and the force due to 

surface tension „  of the solid/air interface is Ὂ „ ὄὈ ὃὅ. The resultant pressure acting 

perpendicularly to the cross-sectional area ὃ  is Ὂ ὖὃ . Employing the Young-Laplace 

equation, „  „ „ὧέί— [28], we rewrite the force balance equation as 

ὃὄ ὅὈ„ ὄὈ ὃὅ„ὧέί—ὖὃ π                                                                      (2) 
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The force balance equation (2) is satisfied only within a limited range of contact angles — and the 

ratios ὨȾὶ of the intergaleal distance to the food canal diameter (Supplementary Material). The 

limitation on the contact angle makes sense: the cuticle of the food canal is designed to be wettable 

by saliva [7], so that the contact angle should be less than 90°. The limitation on the intergaleal 

distance implies that lepidopterans are able to form a saliva bridge with concave menisci only 

when the intergaleal distance is small; that is, as the separation distance reaches a certain critical 

value, the bridge breaks up into two saliva fingers, confirming our observations (Fig. 3C).   

 

 
Figure 5. (A)ï(D). One possible illustration of deformation of the cross-sectional profile of the saliva bridge 

is shown in which the intergaleal distance increases from (A) ὨȾὶ πȢσ, ‌ ρχȢςЈ; to (B) ὨȾὶ πȢυς, 

‌ ρωȢψЈ; to (C) ὨȾὶ πȢχψ, ‌ ρχȢςЈ; and to (D) ὨȾὶ ρȢπρ, ‌ ρρȢτφЈ, assuming that the saliva 

finger makes contact angle — σπЈ with the food canal cuticle corresponding to the critical menisci arcs 
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subtending the half-angle ‌ ρωȢψЈ. (E) The angle ‌ as a function of the dimensionless intergaleal 

distance ὨȾὶ for different contact angles — πЈȟσπЈȟτυЈȟφπЈ. (F) The maximum angle ‌ as a function of 

contact angle —. (G) The dimensionless radius of curvature of menisci, Ⱦὶ, as a function of the dimensionless 

intergaleal distance ὨȾὶ. (H) The dimensionless pressure inside the liquid meniscus ὖὶȾ„ as a function of 

the dimensionless intergaleal distance ὨȾὶ.  

Figures 5AïD illustrate the behavior of the cross-sectional profile of the columnar bridge as the 

intergalear distance increases. The cross-section elongates and menisci flatten; that is, their radius 

of curvature increases. Accordingly, suction pressure in the bridge weakens and the last term in 

eq. (2) contributes less and less to the force balance as the intergaleal distance increases.  

 

The behavior of angle ‌ at which menisci approach the legular edge is not monotonous (Fig. 5E). 

This dependence of ‌ on the dimensionless intergaleal separation distance ὨȾὶ is calculated in the 

Supplementary Material. Figures 5AïD illustrate this nontrivial behavior for a particular case of 

the contact angle — σπЈ. When the galeae are united, ὨȾὶ π, the angle ‌ is zero, ‌ πЈ. When 

the intergaleal distance increases (Fig. 5A, B), the menisci develop a sag. At a certain intergaleal 

distance, the angle ‌ reaches its maximum ‌. When the galeae are moved farther apart, the angle 

‌ decreases (Fig. 5C, D). As shown in the Supplementary Material, this maximum angle ‌ 

implicitly depends on the contact angle — through the following equation: 

 

ÃÏÓ— ςÓÉÎ‌ “ς‌ ÓÉÎς‌  ,                                                                                        (3)                    

and the plot of ‌ — is presented in Fig. 5(F).  

 

Although the dependence of angle ‌ on the intergaleal distance is nonmonotonous, the radius of 

meniscus curvature ὙȾὶ is a monotonously increasing function of the dimensionless separation 

distance ὨȾὶ as ὙȾὶ ὨȾὶȾÓÉÎ‌ (Fig. 5G). Accordingly, the dimensionless Laplace pressure 

inside the liquid meniscus, ὖὶȾ„ ὶȾὙ, increases as ὨȾὶ increases (Fig. 5H).  

 

4.3 The contact line is pinned at the edge of the food canal with convex menisci  

The columnar bridge with convex menisci (Fig. 4D) cannot co-exist in equilibrium with the liquid 

fingers forming concave menisci in the separated galeae. However, such a columnar bridge can 

coexist with the saliva fingers forming convex menisci; or this bridge can be formed when the 

insect pumps saliva and the pressure in the columnar bridge becomes greater than the atmospheric 

pressure. Therefore, it is instructive to analyze this scenario of equilibrium of the columnar bridge. 

The schematic and the geometrical parameters of this column are shown in Fig. 4F. We denote the 

angle as ‌ negative to distinguish this case from the case of a concave columnar column. The 

force balance equation (2) remains the same; the relations of these forces to the geometry of convex 

menisci are given in the Supplementary Material. 

There is a dramatic difference in the behavior of the angle ‌ on the intergalear distance ὨȾὶ for 

convex and concave menisci (Figs. 6A, 5E respectively): there are two solutions for convex 

menisci for each intergaleal distance ὨȾὶ . As shown in the Ref. [29], the more convex meniscus 

with the larger surface area and smaller ‌ is unstable and hence is excluded from further analysis. 

As detailed in the Supplementary Material, the boundary value of admissible angles, ‌, 

corresponding to the limit as Ὠ‌ȾὨὨȾὶ Њ for any intergaleal distances ὨȾὶ always equals ‌ 
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ωπЈ . Thus, the stable convex columnar bridges correspond to  ‌ ‌; the columnar bridges 

with  ‌ ‌ are unstable [29]. Therefore, we will consider only the cases with ‌ ωπЈ. 

Figures 6BïE illustrate the behavior of the cross-sectional profile of the convex columnar bridge 

as the intergaleal distance increases, ‌ ωπЈ. The radius of meniscus curvature ὙȾὶ, and the 

dimensionless Laplace pressure ὖὶȾ„ ὶȾὙ inside the columnar bridges, are plotted as a function 

of the intergaleal distance ὨȾὶ in Fig. 6F and G, respectively. 

The angle ‌ monotonously decreases from zero to ωπЈ with the increasing intergaleal distance 

ὨȾὶ (Fig. 6A), the cross-section elongates, and the menisci bulge (i.e., their radius of curvature 

decreases, Fig. 6F). Accordingly, the repulsive pressure in the bridge increases (Fig. 6G), and the 

last term in eq. (2) contributes more and more in the force balance as the intergaleal distance 

increases.  
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Figure 6. (A) The angle ‌ as a function of the dimensionless intergaleal distance ὨȾὶ for different 

contact angles — πЈȟσπЈȟτυЈȟφπЈȟωπЈ. (B)ï(E). Illustrations of deformation of the cross-

sectional profile of the columnar bridge when the intergaleal distance increases from (B) ὨȾὶ

ρȢσφ, ‌ πЈ; to (C) ὨȾὶ ςȢρ, ‌ ςψȢφЈ; to (D) ὨȾὶ ςȢυτ, ‌ τυȢψЈ; and to (E) ὨȾὶ

ςȢωυ, ‌ φσЈ, assuming that the liquid finger makes contact angle — σπЈ with the food canal. 

(F) The dimensionless radius of curvature of menisci, Ⱦὶ , as a function of the dimensionless 

intergaleal distance ὨȾὶ. (G) The dimensionless pressure ὖὶȾ„ inside the liquid meniscus as a 

function of the dimensionless intergaleal distance ὨȾὶ.  

 

5. The capillary force exerted on the galeae 

Considering the force per unit length of the galea Ὢ (i.e., force density), we can evaluate it using 

the free-body diagram (Fig. 7A). An imaginary cut is made along the columnar bridge, the dashed 

line. The obtained cross-section of this column along the tube axis is a curved rectangle: two sides 

of the rectangle are straight lines running parallel to the proboscis axis Z, the side that belongs to 

the frontal meniscus is curved, and the opposite side that ends somewhere near the base of the 

proboscis may be curved as well. We remove the left side of the column and introduce an 

equivalent system of forces to support the remaining part of the column in equilibrium. When the 

column is much longer than the diameter of the food canal, the contribution to the force balance 

of the two curved sides at the ends of this cut is negligibly small and we can neglect this 

contribution. Thus, the capillary force exerted by the columnar bridge on unit length of the galea 

consists of the two components: the surface tension component and pressure component: 

 

Ὢ ς„ ὖϽὃὄ,              (4) 

 

where the first term on the right hand side, ς„Ͻρ, is the tension on the two surfaces along the unit 

length of the A and B sides of the curved rectangle; the second term is the product of the cross-

sectional area ὃὄϽρ and pressure ὖ „ᴜȾὙ  in the saliva bridge for concave and convex 

columnar bridges, respectively. 

Substituting into eq. (4) the relations ὃὄ ςὶᴜ ςὙ Ὑὧέί‌, Ὠ ὙίὭὲ‌, for concave and 

convex columnar bridges, respectively, we obtain: 

 

Ὢ ς„ „ȾὙ ςὶᴜ ςὙ ὙÃÏÓ‌ ς„ὧέί‌ÓÉÎ‌ȾὨȾὶ Ȣ       (5) 
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It is convenient to introduce a scale for the capillary force Ὢ as ς„. We show the dependence of 

dimensionless force ὪȾς„ on the ratio ὨȾὶ for different contact angles — for both concave and 

convex cases (Fig. 7B). The force Ὢ is always positive for concave columnar bridges, which means 

it always pulls the two separated galeae together. Indeed, the surface tension acts to contract the 

air/liquid surface, tending to bring the galeae together. In addition, concave menisci generate a 

suction capillary pressure that adds to the surface tension pull of the galeae together. Convex 

columnar bridges also experience the surface tension pulling the galeae together. However, the 

capillary pressure of convex columnar bridges is greater than atmospheric pressure; hence, the 

pressure in these bridges always pushes the galeae to spread apart. Figure 7B reveals a surprising 

effect: when the surface tension remains greater than the pressure acting over the galeal surfaces, 

some convex columnar bridges can be pulled together.  

Based on our experimental observations of monarch butterflies and painted lady butterflies [30], 

the columnar bridge breaks up to form the two separated saliva fingers when ὨȾὶ πȢυ, and the 

contact angle between saliva and the food canal is close to 0°. Examination of the curves in Fig. 

7B suggests that within this region, the force ὪȾς„ decreases almost linearly with ὨȾὶ. Thus, 

approximation of the force in the form 

ὪȾς„ ὥϽὨȾὶ ὦ,          (7) 

is attractive due to its simplicity. In the linear approximation, eq. (7), the constants ὥ and ὦ are 

considered parametrically dependent on the contact angle —: ὥ ςȢςφϽὧέί—πȢωψ and ὦ

ρȢωψϽὧέί—πȢωφȢ In the Supplementary Material , we provide the details of analysis of this 

approximation and show that approximation (7) is valid for the contact angles less than 90°.  
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