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Abstract

The poboscis of butterflies and mabonsists of two &haped fibershegaleae, whiclareunited
after the insect emerges from the pupa. We observed that proboseisseaiibly is facilitated by
discharge of saliva. In contrast to vertebisdbfvag butterfly saliva is not slimy and a&nalmost
inviscid, waterlike fluid. Butterfly saliva, herefore, cannot offer any viscoelastic adhesiveness.
We hypothesized that capillary forces are responsible for helping bheteafid mothgull and
hold their galeae together whilkeniting them mechanically. Theoretical analysis supported by X
ray micrecomputed tomography on columnar liquid bridges suggéstt 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 thatftress are sufficiently
high to holdthe galeae together.

1. Introduction

Thefeeding devicéproboscis)f butterflies and mothsonsistsof a pairof C-shapedibers,the
maxillary galeae[1]. The two galeae form separately during the pupal stageayarchly are
assembledy a defined sequence of repeated actiatts the united probosciswhen the insect
emerges from the pugda-4] (Fig. 1A). Eachgalea isa functional unitequippedwith internal
musclesnervestrachea&, and bloodFig. 1B) [1, 5]. When the tw@aleaeare unitedtheproboscis
becomes a tubkke device andthe Ghalves formafood canalFig. 1B) through whicHiquid is
delivered to the gut, aided by a suction pump in the [@&
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Figure 1. Monarch butterfly(Danaus plexippys 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 100frames per secor(@s), using a Sony Pro Camera DSLR A18().Crosssection of proboscigach

galea containatracheatr), muscles, and blood enclosed by a cuticular Welien the galeae are united,

at the dorsallegulae (dlg) and ventrallegulae (vlg), their Gshaped walls form the food cangt).
Magnification of the boxed area reveals tilkdge mechanism formed by the legulae at the ventral side of
theproboscis. ¢Drops of saliva argypically observed duringroboscisassemblyA saliva dropletfarrow)

is visibleon the ventral side of the probosbetweerthetwo gale&, which arenot yet united.

The galeae of the loAgngued moths and butterflies gogedby a series of cuticular projections
called leguladFig. 1B); the galeal musculature of thdepidopterans is fully developed to allow
each galedo perform complex maneevs [1, 3, 9] The two galeaeunited as the npbo<is,
function as a single organ during routine use by the insect

We hypothesize thabutterflies relyon natural physical phenomerating independently and
without muscleactuationto help unitehe galeae intdhe proboscisA theoretical investigation of
biomechanical causes of gdledtraction becomes importafdr understandingssembly othe
lepidopteramproboscis



An important cluen developingour hypothesisvaspreviouslysuggestetby biologistswhen they
noticedthatassembly othe probosciss accompanied bthe appearancef saliva[1-3, 6] (Fig.

1C). Previous workes[1] have suggested thsdliva acts as an adhesive gluinggaleae together.

The gluing action of a liquidssumes its sliminess and stickind3dse saliva of butterflies has no
mucin or other proteins imparting sliminess or viscoelasticity to the flhbid, instead follows
purely Newtonian behavior and is nearly inviddi@l]. Therefore, while apjciating the important

role of saliva during proboscis assemblg ypothesize thatepidoptera rely on capillary action

of salivay bridgesto pull and hold the galeaegethemwhile the insectmechanicallycouplesthe

two strands. The most familiar expression of this capillary effect is the coalescence of wet hair
[11].

To evaluateour hypothesi®of capillary-assisted gathering of the galeae, we providanatysis of
theactionof a saliva column spreadirmdpngthelength of thefood canaincludingalongthe half

of eachseparated galedhe distribution of saliva over thength of the separated galeae was
specifiedusing micrecomputed tomography (mici@T). With specified meniscus configurations,
we set up a maa for an intergaleal saliva column and theoretically find the critical conditions
when this column can hold the galeae together. We then use our medghtatethe capillary
forcesacting on the galeaand test its predictions on artificial plastic poscisesWe conclude
thatthe forcesare strong enough to hold the galeae in proxitatgach othewhile the insect
couples théegulae

2. Behavioral features of proboscis assembly
2.1.Structural features of the lepidopteran proboscis

Thetwo galeaearecoupled ly ventral and dorsal arrays ofgi@lae (Fig. B) thatare differently
shaped6, 9]. Ventral kegulaeconsist ofadjacent 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 hydrophifier example,a water meniscus forms an
approximately 45contact angle with thimod canal wallof theproboscis of thenonarchbutterfly
(Danaus plexippug7, 12].

2.2Role of aliva in proboscis assembly



|jl6.5 min

Figure 2. Saliva droplets are seen between two separated gabredof ajust-emergednonarch butterfly
(t = 0min). When the proboscis is coiled, the drop is released the heaft = 5.5 min) Thedrop of saliva
then appears whethe galeae are paratedt = 11 min) The proboscis is uncoilgtl= 16.5 and 22 min)
and the galeae alwought together bgapillary effect. Drop release was tracked at 3Qdpg a digital
microscope GSI® GWC601).

When the galeae are separated, we noticed thautkerfly producessalivaduringthe 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
our observations and those of Kre[8]; saliva droplets periodically appear and disappear,
suggesting that the insect produces saliva dropketseeededOnce released, salivaovesto 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 cedldiusto ensure thathe drop is placed ia position to hold the
branching galeae togetheie have previously discussed tpaysical mechanisms of drop
formation on thenner marginof thecoiledproboscig13].

Proboscisassemblyinvolves 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 uncoilinghelpalign theseparatedialeae when they asemetimeslightly ertangled

with one anothef3]. Antiparallel movementgputatively contributeto galeal couplingof the

ventral legulagl4]. Joining the galeae proceeds from the base to the apex of the probossis and
facilitated by salivd8]. Coiling and uncoiling th@roboscisby the butterflydoes not change the



assembly scenariahe butterfly continuesreleasing saliva that bridgéise galeae together until
theyareunited [15].

During proboscisassemblywe observed saliva spreading over thedial surface of thgalea,

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 a@liva interface, together with capillary
pressure under the menisci, wobdibrce the two galeae togeth@ur 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 validateithe
opportunity to capture proboscis sadsembly in the brief perio@vithin ca. 1 hour)ollowing
emergence limits experimental investigatidde, therefore, used mici@T on freshly killed
insectsto acquire the 3D configuration 6§uid menisci by scanning with -xay imaging based
onthedensitycontrast of materials

2.3 Menisci incompletely separatedyaleae
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Figure 3. Modeling saliva actionA) A hawk moth was pinned to the substraded the galeae were
separated anstraightenedTwo pins(red dots)held the two galeae(subscriptsh R@Gr) a n d (G 0
identify the right and left galagG) as seerfrom the dorsal sidef the probosci$ at the tips. A contrast
agenf OMNIPAQUE™ (iohexol), was hjected at the vertex ahe V-split galeaeA liquid bridge (blue
curvedtriangle was observed) In the Bruker SKYSCAN 1176 instrument, the moth was stationary while
the X-ray source and detector acegdimages. CAn illustrative example of the crosectional shapes of
the liquid column taken at different positions alotige proboscis from e) to al'he liquid finger with



almost constant radius of curvature spreads oveddfiéed span and ends at positided The frontal
meniscus afcbhas a complex saddlike shapeThe columnar liquid bridge spreads over db& &cospan.
D) Crosssectionalareaof the liquid finger versusposition along theseparated galea®r different
individuals the zero pint is taken at the galetip. The gray data set for galea®@.e., the left galea of the
second individual)s shown as atraight ling(the meapandits error bar(standard deviatignE) Summary
for the crosssectional area of a liquid finger situated in each separated gdldiffefentindividual moths;
the solid blue bar represents the mean of all miCiomeasurements along each gaksal 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 themeniscus/substrate pdo be identifiedvithanaccur acy of 9 em. Ther ef
proboscis, the better the resolution of menisci. To increase the scale of the proboscis, we used the
hawk mothManduca sextawith a proboscis length of abotitm and food canal diamet@t mid

length)of about 80micrometersHawk moths(n = 5)within 24 hoursafteremergence from the
pupawere frozerat-18 °C overnightallowing usto excludethe influence of insect motion while
retaining a flexiblgand asembled)proboscis. The proboscis was uncoiled, and the galeae were
separated from the tip toward the head at an asfgddout20°, while ensuring that a sectiasf

the probosiceear the head remainembether The separated tips of theoboscisvere fixedto a

plastic foam stage with doubteded tapdo maintain the shape of the separated proboscis. The
head of themoth, with the holder, then was attached to a-tyihdrical polystyrene foam stage
designed to fit the micr€T channel.

About 1m of OMNIPAQUE™ (iohexol)wasinjectedat the vertex ofheV-split galeae. lwetted

the food cana&nd spread alontipe galeae. This liquighrovidesgood contrast of menisci against
other materials undéne X-raybeam Within five minutesafterthecontrast agent was fully spread
andthe menisci reached their equilibrium configuratioti® sample was placed on the stage of
themicro-CT instrument and scanned%at ¢ m r e Bive inathswere nsed for the scan. Fig.
3C showvs an example ofhe crosssectional shapes of the liquidytaken at different positions
along the united part of the proboscis and sepagztiede.

Hereafterwerefertot he | i qui d b oid yasthewcolummaebridgeogliguwdrcoluinb. 6
The liquid body inth e r e §d& dofithe sepatated galéathe liquid finger andthe airliquid
interface in each crossection of the liquid bodis themeniscus.

Three distinguishable configurati®of meniscus profilesvere observedIn the region where a
segment oproboscis remained unseparafpdsitioné andFig. 30, the liquid formed aircular
cylindrical column in the food canal de united probosciswhere the proboscis wagparated
at the vertex of the \(positionsé b 6 aim Eig. I0¢ e observed liquid bridge with two
concave menisci indented toward the liquid interior; this liquid bridgeecedthe two separated
galeae We identifed the shapef the liquid bridgeas being formedby thetwo side arc®f the
wall of thefood canal andhetwo middle arcasthe interfaces of liquid and air.

In the regiorwhere the probecis was tilly separate@positionsé d 6 aimHkig. 3€)eno liquid
bridge was foungdinstead, we observdado separated liquifingersrunning along thé&-shaped
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walls ofthe galeaeThe crosssections at different positions this regionshow that the fingers
formeda crescent mooshaped crossection in eachalf of the food canalThe measured cross
sectional aresof fingers along each seruircularhalf of thefood canal remained almost the same
(Fig. 3D), indicating each finger is a uniform liquid columirhe average crossectional area of
the liquid finger varies from one galea to the ofipeobably as a result sfight differercesin the
radius of the food canal and thewetting properties. The representative images for the
measurements of the cressctional area of the liquid finger for each individual are in
Supplementary Materials (Fig. S6).

Theseobservatios suggesthat the surface properties and geometrical shapes Gffdees of the
galea do nottypically differ from one individual to anotheihe constancy of the finger cress
sectional areas over a long period of tire20 minutespf micro-CT scanning suggesthat 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 experimentwith live hawk motts and our observations oproboscisselassemblyof live
monarchbutterfliesand painted lady butterfliesManessa cardliassembling thie proboscigs
allow usto concludethat (1) saliva forns a cylindrical column in the unseparated food cameal
(2) aliquid bridge forms at theconjunctionof galealseparationExperiments on freshly dead
insectsshowthattwo liquid fingersform with crescent mooshaped crossectiors in the sem
circular walls of thefood canalof each galea. &ed orthis imaging we build the model ofa
liquid bridge connectinthe separated galeae

3. Model formulation

According to our observations, the galeaenetogether only whetheiredges are aligned almost
parallel to one anotheBalivais always present during proboscis sss6emblyand is pumped by
the insect until the galeae uniteherefore, thesalivacolumnbridging the galeae togetheseems
to facilitate galelbassembly

Our observationsn live butterfliesandthose oKrenn[3] revealed thain the vicinity of the point
where the galeakegin toseparatethe radius of curvature alhie probosciscoil is always much
larger than the intergaledistance. Thereforayhenevaluating the capillary force acting on the
galeaeas dirst approximatiorwecan consider the galeae as strapsrallelbeans[16-18] pulled
together by a forc&acting per unit length of each galgag. 4).

This capillary force is expected to scalé@s ¢, 6T , where, is the surface tension of saliva
measured in Newtons per metefis the spacing betwedhe two oppositéegular bandsf the
two galeagandi is the radius of the food candlhe function6 ‘Ot , has to be identified by
solving the Latace problem of capillaritywhich wediscuss in detail later

A model of a liquid column bridging two parallebund cylindrical fibers was first discussed and
analyzed by Henry Prinog16, 19]and hasincebeen widely used in different related applications
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[17, 2024]. Princen showe{ll6, 19] that the rechanism 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 modebf the two parallel galeaand assume thathen the intergaléaap reaches

a certain critial value’Qr [9)( ha continuousolumnarbridge breaks ugiorming two

fingers running along the internaivalls of the galea@-ig. 3C).This model of two parallel galeae

with a columnar bridge sitting between them allows usstimate theapillary forceexerted on

the galeaeWe examinewhether this force is sufficiently strorig hold the galeaetogetherand

help the inseatinitetheventrallegulae during proboscis assembly.

The Princen theory déridge breakup has been designed to studyctilemnar bridges trapped
betweenround cylindrical fibersregardless of composition of the fibgid, 16, 19, 21] The
galeae have a complex shapeevening the immediate application of the Princen theory ts th
case.We, therefore, generalize the Princen theang study thecrosssectionalprofile of the
columnar bridgexnd its effect on proboscis sel§sembly.

We modelthe galeaas twoinfinitely long semicylinders running parallel to one anothénly
the capillary force caused by the saliva bridgeansideed; anypressurecontribution of flow
during saliva pumping is put aside and will be discussgdw. Thus, the columnar saliva bridge
is assumetb coexist in equilibrium with the saliva fingers rungialong the walls of the separated
galeadFig. 4A). We observed thahe length) of thecolumnarsaliva bridge is much greater than
the diameter of the food canal and the interdaeparation distancgQ

Columnar




(E)

2d

Figure 4. (A) A 3D schematic illustrating the shape of twdumnarbridgeof salivaformed between two
separated galeathe columnar bridge is in equilibrium with the liquid fingeracleated somewhere at the
dashed lingrunning along the walls of each gale@bhe dashed box shows a craestion of the tip of the
liquid finger defining the contact angle the crosssection is taken through a normal veatdpo the food
canal surface parallel to theakis along the food cana(B) Bridge crosssectionperpemlicularly to the Z
axisassuming that thiur contact linegsolid dot$ are sitting inside the food canal. (€xase of a liquid
bridge with concave menisdhe bridge crossection showsfour contact linegsolid dot$ pinned at the
legularedges of the food canal. (B)case ofaliquid bridge with convexneniscj the bridge crossection
showsfour contact lineqsolid dot3 pinned at thdegularedges of the food candE) Schematic of the
crosssectional shape @fsaliva bridge wittconcave menisci connecting the two separgtachllel galeae
with the contact lines pinned at the legular edgabefaleae(F) Schematic of the crossectional shape
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of asaliva bridge with convex menisdn (E) and (F)the angls formed by joiningthe thick solid curve
and red dashed lisat points A and Breright angles, as indicated by themallred squares.

The saliva bridge is supported by tGdace wallsof the galeaewhich are semcircular arcs in
crosssection(Fig. 4A). When the galea@reunited, the food canal forms a cylindrical channel of
radiusi (Fig. 3C). The separation distance is denotedcyand corresponds to the distance
between théwo opposite legular edges the two halves of the food canal. The inequalifies
cif 'Q hold true.ln setting up the modelve note thathe intergaleafjap,c’Chis typically
much smaller than the capillary lengtiased on our observations of the butterfly assembbng i

proboscis; thusy » » ~owvhere, is the surface tension of salivajs the saliva densitygnd

"Qis the acceleration due to gravity. For water ta a. This inequality ¢QL a, implies that
gravitational effects can be neglec{@8]. Thus, menisci are mostly shaped by capillary forces.
The meniscus meets the walls die food canal at the contact angle which is a physical
parameter of the salivauticle pair.

In the Cartesian system of coordina(es, Y, Z), where the galeae are parallel to Faxis, the
meniscus profiley = h( X) describes the liquid elevation above the reference pYarn® (Fig.

4). The two menisci forming the salilmidge are assumed bemirror-symmetric with respect to

the X/r-axis.Since thecolumnarsaliva bridge is connectéd the saliva fingers where the pressure

is constant, the pressure in the saliva bridtg® 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) ., TYhwhereYis the radius of the meniscus avtoreover to satisfy

the condition of mechanical equilibrium of the columnar bridgefiwgers systemthe Z-
component of the force acting tme systemmust be zero.

The force balance in th&direction is obtained by constructing a fteedy diagram and making
an imaginary cuperpendicular to th#-axisand replacing@ne part of the bridgeith an equivalent
system of forceéig. 4A). At this cut, theZz-component of the force consists mifcontributions:
thetwo surface force80 actingalong the air/liquid interface, thevo surface force80 acting
alongthe solid/liquid interfaceandthe force "O caused by the pressurethre saliva; this force
"0, acts over the crossectional area cut. These five forces are cotratanced byheforce acting
at the contact line at the end of the liquid fing@r, and is associated with tiselid/air interface
The force balance thuswritten as

O 0 0O O m (1)

To calculate the component forceme neeslto distinguish the followingwo scenariof the
meniscus shapingl) the contact lins of themenisci ofthe columnarbridge are sittingnside the
food canalFig. 4B), or (2) the contact ling arepinned at théegularedges of the food canalFig.

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

4.1 The contact lines aresitting inside the food canal

The mathematical analysis of the force balance equation givie Bupplementary Material
shows that a longolumnarbridge with the constamadius of menisccannot be supported by the
contact lines pinned to the walls of the food camak columnarbridgewill eitherbulge up to
form a dropletor will break up to form twaeparatedingersalongthe walls of the food canal
Thus, the case iRig. 4B has tobe eliminated from further consideration.

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

The casavherethe liquidbridgeis pinned to the edges of the food carapecial As known

from capillarity[26, 27} aliquid bodycanform ary arbitrary contact angle with a sharp edge of
any cornerThereforethe contact angle at whi¢themeniscus meets the sharp edfany
substrates not defined and can take on arhitraryvalue.We, therefore, allow the circular arcs
of the two menisci to approach the edges at any arbitrary.8aged on Fig. 3Ghe pressure
inside thesaliva fingers in the separated galeai concave menises below atmospheric
pressureTherefore, thescenario with the convex meniscus (E@), offering pressure in the
bridge greater than atmosphepiessurecannot support the hypothesis of a qgrexgiilibrium
coexistence of this bridge with the saliva fingers in the separated ghfesea discusson of
convex meniscis not applicabledo this caseHowever, he scenarioof the bridge with oncave
meniscimight be applicable.

For the concave meniscus, the parameters needed to evaluategt@lance are defined in Fig.
4E. At the referencerosssection, each liquid/air interfacé 6or 6 ‘Qis a part of a circular
cylinder of radiusY with the cylinder axes parallel to tie

-axis. The position of theontact lines where the meniscus meets the lpakdés are specified by
the angle formed at the intersection of tlieaxis and the continuation of the normal vector to
the meniscus surface at the edgiy. 4B). Thus, the central angle completely defines the free
surface of the liquid columhe arc® 6ando ‘Care the solid/fuid interfaces aneHs the contact
angle that the tip dhesaliva finger makes with the galea wall. With these notatibedorce due

to surface tension at the air/liquid interface is calculate®Das 0 6 0 ‘O, ; the force due to
surface tensin,, at the solidiquid interfaceis O , 6 O 0 O0Mand the force due to
surface tension of the solid/air interface i®© , 6 O 0 0. The resultanpressurecting
perpendicularly to the crosectional area is'™O 00 . Employing the Youngd.aplace
equation,, " , ¢ [28}-we rewrite the force balance equation as

00 60, 060 006, WE i vd Tt (2)
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The force balance equation (2) is satisfied only within a limited range of contact argldshe
ratiosQFi of the intergaleal distance to the food catiameterSupplementary Material). The
limitation on the contact angle makes sense: the cutitfeeédod canals designed to be wettable
by saliva[7], so that the contact angle shoblkel less than 90°The limitation on the intergaleal
distance implies that lepidopterans are able to farsaliva bridge with concave menisci only
when the intergaleal distance is sm#iht is,as the separation distance reaches a certain critical
value, the bridge breaks ugto two saliva fingersconfirming our observationgFig. 30.

(A) (B) (©) (D)
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Figure 5. (A)i (D). One possibldiustration of deformation of the cresgctional profile of the saliva bridge

is shownin whichthe intergaleal distance increases fram'Qli 1@, | pPRIOB N ™ ¢

| p@&@JOC)MN 1YW pxRJandtoD) AN p8rp p @ @ dssuming that the saliva
finger makescontact angle— ¢ mwith the food canal cuticle corresponding to the critical menisci arcs
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subtending the hakingle| p @U. (E) The angle| as a function othe dimensionlesitergaleal
distancefi for different contact angles- 1 b mhd vl T (F) Themaximumangle  asafunction of
contact angle—(G) The dimensionless radius of curvature of menlcias a function of the dimensionless
intergaleal distancelfi . (H) The dimensionless pressure inside the liquid meni&difis as a function of
the dimensionless intergaleal distaiife.

Figures 5Ai1 D illustratethe behavior of the crossectional profileof the columnar bridges the
intergalear distance increases. Thasssectionelongates anthenisci flattenthat is,ther radius
of curvature increaseséccordingly, suction pressurg the bridge weakens artkde last term in
eg.(2) contributes less and letgsthe force balance as the intergaleal distance increases.

The behavior of angle at which menisci approach the legular edgeoismonotonougFig. 5E).
This dependence ¢f on the dimensionless intergalsaparation distand@fi is calculated irthe
Supplementary Material. Figures5AT D illustrate this nontrivial behavior for a particular case of
the contact angle- o 1 When the galeae are unit&®¥} 11 the angle is zero| T When
the intergaleal distandacreasegFig. 5A, B), the menisci developsag At a certain intergaleal
distance, the anglereachests maximum . When the galeae are moviagther apartthe angle

| decreasegFig. 5C, D). As shown inthe Supplementary Material, this maximum angle
implicitly depends on the ctact angle—through the following equation

AT© -cOET “¢g Okl 3)
and the plot of —is presented in Fig. 5(F).

Althoughthe dependence of angleon the intergaleal distance is honmonotontius,radius of
meniscus curvatur&fi is a monotonously increasing function of the dimensionless separation
distancé(li as'Yfi  ‘Oni 7O B 1(Fig. 5G). Accordingly, the dimensionless Laplace pressure
inside the liquid meniscus, ¥, 1 TY, increagsas i increasegFig. 5H).

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

Thecolumnarbridge with convex menis€Fig. 4D) cannotco-existin equilibrium withthe liquid
fingersforming concave menisci ithe separated galeaelowever,such a columnar bridgean

coexist withthe salivafingersforming convex menisgior this bridgecan be formed when the

insect pumps saliva and the pressure in the columnar bridge becomes greater than the atmospheric
pressureTherefore, iis instructiveto analyze this scenario of equilibrium of the columnar bridge

The £hematic and the geometrical parameters of this column are shé&gn 4F. Wedenotehe

angleas | negativeto distinguishthis case from the case atoncavecolumnar columnThe

force balance equatid¢®) remairsthe samgthe relations afhese forceto the geometry of convex

menisci are given in thBupplementary Material.

There is adramaticdifference in the behavior of the angleon the intergalear distan€#i for
convex and concave meniggtigs. 6A, 5E respectively there are two solutions for convex
menisci for eaclintergaleadistanceéfi . As shown in thdRef.[29], the more convex meniscus
with the larger surface area and smalles unstable and henceagcludedrom further analysis
As detailed inthe Supplementary Material, the boundary value of admissible angles
corresponding tthelimit as'Q|7Q ‘Qf Hofor any intergaleal distanc&#i always equals
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w 1t.JThus, the stable convex columnar bridges correspond tg ; the columnar bridges
with | | are unstabl§29]. Therefore, we will considesnly the cases with wTtJ

Figures 6BE illustrate the behavior of the cresectional profile of the convex columnar bridge
as the intergalealistance increases, w 1t The radius of meniscus curvativ@i , and the
dimensionless Laplace pressiré, i 7Yinside the columnar bridgese plotted as a function
of the intergaleladistanceér in Fig. 6F andG, respectively.

The angleé monotonously decreasé&®m zero to w mwith the increasing intergalkdistance
‘On (Fig. 6A), the crosssection elongates, and the menisaige(i.e., their radius of curvature
decreases, FigF). Accordingly, the repulsive pressure in the bridggeasegFig. 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 functiorof the dimensionless intergaleal distaif@ié for different
contact angles— Tt niw vhg mhad 1t IB)i (E). lllustratiors of deformation of the cross
sectional profile of theolumnarbridge when the intergaledistance increases fro(B) Ori

P @ TEto(C)UM B, CHIoOO)M & T T @ Jand to E) On

CBo Y @ o, dssuming that thiggquid finger makesontact angle— ¢ mtwith the food canal
(F) The dimensionless radius ofirvature of meniscifi , as a function of the dimensionless
intergaleal distanc@fi . (G) The dimensionless pressuielf, inside the liquid meniscus as a
function of the dimensionless intergaleal dista6¥e.

5. The capillary force exerted onthe galeae

Considering the force per unit length of the gal&ae., force density, we can evaluate it using
the freebody diagran(Fig. 7A). An imaginary cuis madealong the columnar brge, the dashed
line. The obtained crossection of this column along the tube axia surved rectangiéwo sides
of the rectangle are straight lines runnpagallel to the proboscis axis the sidethatbelongs to
the frontal meniscus is curvedndthe opposite sidéhatends somewhemnsear the base of the
proboscismay be curved as well. We removhke left side of the columand introduce an
equivalent system of forcés support the remaining part of the column in equilibridvinen the
columnis much longer than the diameter of the faashal, the contribution to the force balance
of the two curved sidesat the ends of this cus negligibly small and we can neglectsth
contribution. Thus,He capillary forceexerted by theolumnarbridgeon unt length of the galea
consiss of thetwo components: the surface tension component and pesssmponent

Q¢ 0BG (4)

wherethe first term on the right hand sidg, J, is the tension othetwo surfaces along the unit
length ofthe A and B sides dhe curved rectanglethe second term is the prodwitthe cross
sectional ared 6 and pressur® U, TY in the saliva bridgefor concave and convex
columnar bridges, respectively.

Substitutinginto eq.(4) the relation® 6 ci v ¢'Y 'Y®OE& i Q 'Yi "Qfar concave and
convex columnar bridges, respectivelye obtain

Q¢ LAY cvcY YANIO ¢ Géi |OBETTONn 8 (5)
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It is convenient to introduce a scale for the capillary fofes ¢, . We show thalependence of
dimensionless forc&Xc, on the ratio¥i for different contact angles-for both concave and
convex cases (Fig. 7BJhe forc€Qs always positive for concave columnar bridges, which means
it always pulls the two separated galeae tiogreIndeed, the surface tension acts to contract the
air/liquid surface tendingto bring the galeae togethén addition, oncave menisci generate a
suction capillary pressurthat adds to the surface tension pull afhe 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 pressuegthe
pressure in these bridges always pushegaleae to spread apart. &ig 7B revealsa surprising
effect: when the surface tension remains greater than the pressure acting over treugaless
some convex columnar bridges can be pulled together.

Based on our experimental observatiofisnonarch butterflies anpaintedlady butterflied30],
the columnar bridge breaks up tarfothe two separated saliva fingers wigihn @), and the
contact angle between saliva and the food canal is close Ex@hination of the curves in Fig.
7B suggests that within this region, the fof€¥;, decreases almost linearly witBfi . Thus,
approximation of the force in tHerm

g, OGO Q@ (7)

is attractive due to its simplicity. In the linear approximation, @&j.the constanté)andoare
considered parametrically dependent on the contact argle ¢& @0 ¢ i o yand®

pBo YD € { -FBo @n the Supplementary Material, we provide the details of analysis of this
approximatiorand show that approximation (7) is valid tbe contact angles less than®.
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