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a b s t r a c t 

Tiny glue droplets along the viscous capture threads of spider orb webs prevent insects from escap- 

ing. Each droplet is formed of a protein core surrounded by a hygroscopic aqueous layer, which cause 

the droplet’s adhesion to change with humidity. As an insect struggles to escape the web, a thread’s 

viscoelastic core proteins extend, transferring adhesive forces to the thread’s support fibers. Maximum 

adhesive force is achieved when absorbed atmospheric moisture allows a flattened droplet to establish 

sufficient adhesive contact while maintaining the core protein cohesion necessary for force transfer. We 

examined the relationship between these droplet properties and adhesive force and the work of extend- 

ing droplets at five relative humidities in twelve species that occupy habitats which have different hu- 

midities. A regression analysis that included both flattened droplet area and core protein elastic modulus 

described droplet adhesion, but the model was degraded when core protein area was substituted for 

droplet. Species from low humidity habitats expressed greater adhesion at lower humidities, whereas 

species from high humidity habitats expressed greater adhesion at high humidities. Our results suggest a 

general model of droplet adhesion with two adhesion peaks, one for low humidity species, which occurs 

when increasing droplet area and decreasing protein cohesion intersect, and another for high humidity 

species, which occurs when area and cohesion have diverged maximally. These dual peaks in adhesive 

force explain why some species from intermediate and high humidity habitats express high adhesion at 

several humidities. 

Statement of significance 

We characterized the effect of humidity on the adhesion of twelve orb weaving spider species’ glue 

droplets and showed how humidity-mediated changes in the contact area of a droplet’s outer, hygro- 

scopic aqueous layer and the stiffness of its protein core affect droplet performance. This revealed how 

droplet adhesion has been tuned to the humidity of a species’ habitat and allowed us to revise a model 

that describes the environmental determinants of droplet biomechanics. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Spider viscous prey capture thread ( Fig. 1 A) is among the most 

idely used animal bioadhesives, being employed by 4706 species 

f orb weaving spiders (in order of decreasing number of species, 

embers of the families Araneidae, Tetragnathidae, Anapidae, Mys- 

enidae, Theridiosomatidae, Symphytognathidae, and Synaphri- 

ae), 2819 species of cobweb spiders (Theridiidae and Nestici- 
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ae), and at least some of the 4718 species of sheet web spi- 

ers (Linyphiidae) [3] . In contrast with 1600 species of nonpar- 

sitic barnacles [4] and 484 species of marine mussels [5] that 

ttach to rocks with adhesives that stiffen after being secreted 

 6 , 7 ], orb spider glue droplets remain pliable, being hydrated by 

 hygroscopic solution that surrounds a droplet’s denser protein 

ore ( Fig. 1 B). These core proteins have been termed glycoproteins, 

lthough phosphorylated proteins have also been identified in 

roplet cores [8] . As an insect struggles to escape from a web, each 

roplet extends and transfers its adhesive force to the thread’s 

upporting flagelliform fibers in suspension bridge fashion ( Fig. 1 B 

nd C) [9–12] . The biomechanical efficiency of this adhesive 
. This is an open access article under the CC BY-NC-ND license 
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Fig. 1. Viscous prey capture thread. A. Capture thread of Verrucosa arenata . B. Flat- 

tened glue droplet of V. arenata . C. Argiope trifasciata thread assuming a suspension 

bridge configuration as it is pulled from a 2 mm wide surface. 

Fig. 2. Model of orb web spider glue droplet adhesive force as modified from 

Amarpuri et al. [1] . As humidity increases a hygroscopic droplet absorbs water, 

causing its adhesive protein to soften, its surface area of contact to increase and 

its cohesion to decrease. When optimal surface area and cohesion are established, 

maximum adhesive force is expressed. In species that occupy low humidity habits 

and have more hygroscopic droplets, this balance is achieved at lower humidi- 

ties, whereas species adapted to high humidity habitats express maximum adhesive 

force at higher humidities. 
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ystem relies on the scaling of flagelliform fiber and core protein 

tiffness, with core protein elastic modulus being, on average, one 

ixth that of flagelliform fiber elastic modulus [13] . 

Our understanding of how this adhesive system performs has 

een guided by a model that attributes maximum glue droplet 

dhesion to an optimal balance of adhesive contact area and ad- 

esive cohesion (referred to in other studies as surface dissipa- 

ion and bulk dissipation, respectively) [ 1 , 14 ], which ensures suf- 

cient initial adhesion while maintaining the core protein’s ability 

o transfer force to support fibers ( Fig. 2 ) [1] . In this study we ex-

mined this model by constructing, matched droplet property and 

orce plots for the glue droplets of twelve orb weaving species. As 

he hygroscopicity of orb web glue droplets differ among species 

 2 , 15 , 16 ], we included species that are found in different habitats:

n exposed vegetation, along forest edges, within humid forests, 

nd near water; as well as species that are nocturnal ( Fig. 3 ). This

lso allowed us to test another hypothesis that has guided research 
469 
n orb web capture threads: The more hygroscopic glue droplets 

f species that live in dryer habitats and experience lower humid- 

ty when they forage ensure that these species’ adhesive proteins 

emain hydrated and express maximum adhesive force at lower 

umidity. In contrast, species found in more humid environments 

ave less hygroscopic droplets, which prevents their proteins from 

ecoming oversaturated with water and allows them to achieve 

aximum adhesion at higher humidity ( Fig. 2 ) [ 1 , 2 , 17 ]. Support for

his hypothesis comes from observations that glue droplet viscos- 

ty, thread adhesion, and protein elastic modulus values are very 

imilar when measured at each species’ foraging humidity, despite 

hese values differing greatly across humidities [ 1 , 2 , 18 ]. 

Viscous capture threads are complex, self-assembling strands, 

hose flagelliform fibers and protein cores are both products of 

pidroin genes [ 8 , 19–22 ]. Capture threads form when a flagelli- 

orm fiber emerges from a spigot on each of a spider’s paired pos- 

erior lateral spinnerets. As it emerges, this fiber is coated with 

n aqueous solution from two flanking aggregate glands [23] . Af- 

er the coated fibers from the two spinnerets merge, Rayleigh- 

lateau instability quickly reconfigures the aggregate cylinder into 

roplets [24] . A protein core condenses within each droplet, leav- 

ng an aqueous layer that covers both this core and the flagel- 

iform fibers within and between droplets ( Fig. 1 A and B). Inor- 

anic salts, low molecular mass compounds (LMMCs), and amor- 

hous proteins that remain in the aqueous layer confer droplet hy- 

roscopicity, hydrate and condition the protein core, and maintain 

agelliform fiber extensibility [ 15 , 16 , 18 , 25–28 ]. 

A small cylindrical region termed a granule lies at the cen- 

er of a droplet’s protein core and is assumed to anchor the pro- 

ein to flagelliform fibers [29] . Granules are most easily seen with 

ransmitted light and, therefore, are not usually visible with epi- 

llumination, which we used in this study ( Fig. 1 B). It is not known

f a granule is formed of proteins that are distinct from others 

n the droplet’s core or if this region represents a configurational 

hange in core proteins that contact flagelliform fibers. However, 

his junction is very robust and is usually maintained through 40 

roplet adhesion, extension, and pull-off cycles [30] . Although not 

isible under a standard light microscope, amorphous protein in 

he aqueous layer can be detected with spectroscopy and with op- 

ical and confocal Raman microscopy [25] although X-ray scatter- 

ng distinguishes only flagelliform fibers from other droplet con- 

tituents [31] . Because glycoprotein is a known biological adhesive, 

 droplet’s protein core had been assumed to be its glue until these 

morphous proteins were discovered and shown to also be adhe- 

ive [25] . 

The LMMCs in the aqueous layer not only confer droplet hygro- 

copicity, but they also solvate core protein, making it more adhe- 

ive [27] . This may ensure that core proteins combine with amor- 

hous proteins, which have established initial surface adhesion, to 

roduce a secure surface bond that is able to withstand force that 

s generated as a droplet extends. However, it is not clear if to- 

al droplet surface area or core protein surface area alone limits 

 droplet’s adhesion. Droplet area would greatly increase adhesive 

ontact ( Fig. 1 B), but would require the more diffuse amorphous 

roteins to transfer a large percentage of their adhesive force to 

ore proteins, which confer strength to an extending droplet fila- 

ent ( Fig. 1 C). Therefore, we examined the effects on droplet ad- 

esion of both total droplet surface area and of core protein sur- 

ace area in combination with core protein cohesion to determine 

hich scenario best described droplet performance. 

As humidity increases, a droplet’s aqueous layer attracts at- 

ospheric water, some of which is incorporated into the protein 

ore, plasticizing this material and allowing it to more easily ex- 

end [32] . Cohesion describes the strength of intermolecular forces 

hat hold a material together, although measuring this force in 

oft materials like gels is challenging [33] . Elastic (Young’s) mod- 
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Fig. 3. Study species and their humidity habitat assignments from Opell et al. [2] . Mean and standard error of adult female mass shows the size range species that were 

studied and mean and standard error of droplet core protein volumes at 55% relative humidity shows the range in size of this droplet component. 
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lus describes the volume-specific energy required to extend a 

aterial during its elastic phase. As cohesion must be overcome 

or a droplet’s protein core to extend, elastic modulus serves as a 

olume-specific index of protein cohesion. In principle, the recip- 

ocal of extension length per core protein volume would also be an 

ppropriate index of cohesion. However, in species that are found 

n low and intermediate humidity habitats, maximum droplet ex- 

ension is achieved at low and intermediate humidity and de- 

reases thereafter because a droplet’s protein core becomes over- 

aturated with water and is more easily pulled from a surface 

 Figs. 2 and 5 in [2] ). For these species, this index of cohesion

ould first decrease and then increase as humidity increased. We 

raw on our recent study, which characterized the elastic modu- 

us of the twelve species that are included in the current study at 

0, 37, 55, 72, and 90% (RH), as well as on unreported flattened 

roplet and core protein surface area values and forces of droplets 

t pull-off from that study [2] . 

. Materials and methods 

.1. Collecting threads and preparing droplets for testing and 

stablishing test conditions 

We review the methods used in our previous study, which ad- 

resses additional technical considerations associated with charac- 

erizing the properties and performance of orb spider glue droplets 

2] . All web samples were collected from orb webs constructed in 

he field to ensure that spiders experienced natural conditions and 

eeding regimes. Samples of the nocturnal species Neoscona cru- 
470 
ifera and Larinioides cornutus were collected in the early evening 

nd samples of the other ten species in the early morning soon 

fter they were constructed. All tests of threads from nocturnal 

pecies were completed by 16:00 on the day following their col- 

ection and tests of the other species’ threads by 16:00 on the 

ay they were collected. We used aluminum rings and frames 

ith double sided tape on their rims to collected sectors of orb 

ebs constructed by 12 – 14 adult female spiders of each study 

pecies. To prevent threads from being damaged or contamination 

y dust and pollen, these samples were placed in a closed box 

nd stored in the laboratory at approximately 23 °C and 50% RH 

ntil they were prepared for study. In the laboratory we trans- 

erred threads from each sample to the raised supports of micro- 

cope slide samplers [34] . Double sided tape on the forceps used to 

ransfer threads and on the web sampler’s supports ensured that 

he native tensions of these 4800 μm thread spans were main- 

ained. 

Suspended and flattened droplets were photographed and 

roplet extension movies captured while threads were enclosed 

n a glass-covered aluminum chamber that rested on the stage of 

 Mitutoyo FS60 inspection microscope. Temperature was main- 

ained at 23 °C by a thermostat-controlled Peltier thermoelectric 

odule attached to the chamber wall. During tests we continu- 

lly monitored chamber humidity with a Fisher Scientific® Instant 

igital Hygrometer, whose probe tip extended through the cham- 

er wall. Test humidities of 20, 37, 55, 72, and 90% RH were es- 

ablished and maintained during tests using silica gel desiccant 

eads to lower humidity and distilled water saturated Kimwipes®

o raise humidity. Small adjustments were made by either drawing 
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Fig. 4. Matched droplet area, elastic modulus, and pull-off force values of the four low humidity species that build webs on exposed vegetation. Lines connecting points are 

interpolations of these values. Error bars are ± 1 standard error. 
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oom air into the chamber or gently blowing humid air into the 

hamber to raise humidity through a tube connected to a port in 

he side of the chamber. A droplet remained at a test humidity for 

bout 6–8 min before being photographed, flattened, or extended. 

.2. Flattening and extending droplets 

Three glue droplets were photographed and then flatten to re- 

eal their protein cores. This was done by dropping a glass cover 

lip onto the suspended thread from a magnetically tripped de- 

ice contained with the chamber. To ensure consistent flattening, 

e then pressed the cover slip against the thread supports of the 

icroscope slide sampler with a small steel probe that was in- 

erted into the chamber through a port. The same three droplets 

ere photographed again within about 30 s after being flattened 

 Fig. 1 B). The total surface area and core protein surface area of 

ach droplet was measured and their mean values used as an indi- 

idual’s value. We divided a droplet’s suspended volume by its flat- 

ened area to determine its thickness. We determined core protein 

olume, which is necessary for computing protein elastic modulus, 

y multiplying protein surface area by droplet thickness. 

We prepared two additional thread samples per individual for 

roplet extension tests by isolating a glue droplet at the center 

ach 4800 μm span. This ensured that the tip of a probe used 

o extend droplets contacted only a single droplet. We extended 

ach isolate droplet by contacting it with the tip of a cleaned, 

olished steel probe, pressing the thread 500 μm into the probe 

o ensure droplet adhesion, and, within about 15 s, engaging a 

tepping motor connected to the microscope stage’s X-axis, which 

ithdrew the thread from the probe at a constant velocity of 

9.6 μm 
s −1 . A 60 frames-per-second movie recorded the droplet’s 

xtension. 

Close examination of extension movies showed that at all hu- 

idities nearly all droplets pulled cleanly from the probe, leaving 

o visible protein residue. This is consistent with findings that a 

hort glue droplet contact period similar to ours resulted in com- 

lete adhesive peeling and clean droplet release [14] . At higher hu- 

idities, the glue droplets of some species found in low humidity 

abitats transitioned from what has been termed phase 1 exten- 

ion, which is characterized by an extending protein filament being 
471 
ompletely surrounded by aqueous material, as it is during normal 

uspension bridge formation ( Fig. 1 C), to phase 2 extension, which 

egins when tiny aqueous material droplets form on the protein 

lament, exposing portions of the filament to the drying effects of 

ir [35] . In these cases, we equated the end of phase 1 extension 

ith droplet pull-off and, for simplicity, refer to both terminal des- 

gnations as droplet pull-off. 

.3. Analyzing droplet extension movies and determining elastic 

odulus and force 

When analyzing a droplet extension movie, we used the angular 

eflection of the thread span that supported a droplet to compute 

he force on the droplet at the initiation of extension and at each 

0% extension interval to pull-off. As descried more fully in previ- 

us studies [ 2 , 35–37 ], determining the force on a droplet involved

he following steps: 1. The deflection angle was used to compute 

he elongation of the initially 2400 μm long support line on each 

ide of a droplet, 2. The force on each half of the support line was

omputed from the line’s extension and the diameters and elastic 

odulus of the line’s flagelliform fibers, and 3. These force vec- 

ors were summed and resolved to determine the force on the ex- 

ending droplet. Dividing this force by the cross-sectional area of 

he protein filament at a given extension length, which was deter- 

ined by dividing core protein volume by droplet length, yielded 

he true stress on the protein filament. We determined the cor- 

esponding true strain on a droplet filament as the natural log of 

difference between the filament’s length and the initial the diam- 

ter of the droplet’s protein core) divided by core protein diame- 

er. Elastic modulus was then computed as the slope of the linear 

lastic phase of each species’ humidity-specific true stress-strain 

urve. 

An issue that we confronted in our previous study, and one that 

ffects the current study, is that the elastic modulus of a thread’s 

agelliform fibers had been determined in the range of 50% (typi- 

al laboratory) RH [38] . Although flagelliform fibers remain covered 

y an aqueous layer, it is possible and perhaps likely that the water 

ontent of this layer, which changes in ambient humidity, causes 

agelliform fibers to lose water and stiffen at lower humidities and 

ain water and become more extensible at higher humidities. If 
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Fig. 5. Matched droplet area, elastic modulus, and pull-off force values of the three intermediate humidity species that build webs on forest edge vegetation. Lines connecting 

points are interpolations of these values. Error bars are ± 1 standard error. 
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his occurs, more force would be required to achieve the same sup- 

ort line deflection at lower humidities than at higher humidities. 

e addressed this in our previous study by progressively increase 

rotein elastic modulus values at 37 and 20% RH and progressively 

ecrease values at 72% and 90% RH, using droplet extension per 

rotein core volume as an index of the degree of humidity-induced 

rotein softening. 

Lacking a comparable index to use in this study to account 

or the effect of humidity on the elastic modulus of flagelliform 

bers whose deflection we used to compute the force on a droplet 

t pull-off, as taken from the literature for ten species [39] and 

ewly measured for A. pegnia and M. sagittata [37] , we increased 

he measured elastic modulus of each species’ fibers by 5% at 37% 

H and 10% at 20% RH and reduced their values by 5% at 72% RH

nd 10% at 90% RH. The effects of these adjustments on the com- 

uted forces on droplets at pull-off can be seen by comparing un- 

djusted and adjusted values (respectively) of M. sagittata : 20% RH 

0.33 and 11.36 μN, 37% RH 10.10 and 10.60 μN, unchanged 55% RH 

.16 μN, 72% RH 6.35 and 6.03 μN, 90% RH 2.72 and 2.45 μN. We

etermined the work of extending a droplet to pull-off from the 

rea under its μN force and μm extension curve, computed as the 

um of the areas of rectangles defined by the change of length dur- 

ng each 20% extension interval and the mean force on a droplet at 

he beginning and end of this extension interval. As a droplet was 

nder tension when it began to extend, we subtracted from this 

otal area the area of a narrow rectangle defined by the force on a 

roplet at the initiation of extension and and a droplet’s extension 

ength at pull-off. 

.4. Assembling and analyzing data 

We assembled and analyzed data with JMP (SAS Institute, Cary, 

.C.). As most N. crucifera droplets were too stiff to adhere at 
472 
0% RH, no values are reported for this species at this humidity. 

he mean elastic modulus values reported in our previous study 

2] were computed after outlying values were excluded. In the cur- 

ent study elastic modulus and all other values are from our full, 

ntegrated data set, with each individual spider’s values being rep- 

esented at all five test humidities, except, as noted above, for N. 

rucifera at 20% RH. 

We used contingency statistics to test the hypothesis that max- 

mum adhesive force and work of droplet extension is expressed 

t a species’ foraging humidity, considering P ≤ 0.05 as significant 

n all comparisons. In these tests we used a 3-humidity ranking 

cheme by assigned ranks 1, 2, and 3 to exposed vegetation, for- 

st edge, and high humidity (forest interior, nocturnal, and near 

ater) habitats, respectively. To acknowledges that the two noc- 

urnal species forage at high humidity during the night and also 

t lower humidity during the following day, we also used a 4- 

umidity ranking scheme that placed the two nocturnal species 

etween the three forest edge species and the three species found 

n forest interior or near water. 

. Results 

.1. The contributions of core protein area and droplet surface area to 

dhesive force 

The following regression model that fitted the twelve species’ 

ean 37, 55, 72, and 90% RH adhesive forces in μN to their mean 

roplet areas (DA) in μm 
2 , protein elastic modulus values (EM) in 

Pa, and the interaction of droplet area and elastic modulus was 

ighly significant ( P < 0.0 0 01, adjusted R 2 = 0.77). Each compo- 

ent contributed significantly to the model ( P < 0.0 0 01) and the 

ogWorth and False discovery LogWorth values of droplet area, 

lastic modulus, and interaction term exceeded the 2.0 cut-off level 
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Fig. 6. Matched droplet area, elastic modulus, and pull-off force values of the five high humidity species. Larinioides cornutus and N. crucifera are nocturnal, M. gracilis and 

V. arenata are found in humid forests, and T. elongata is found near water. Lines connecting points are interpolations of these values. Error bars are ± 1 standard error. 

473 
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Fig. 7. Model of the effects of increased droplet surface area (Area) and elastic 

modulus (EM) on adhesive force for species in each of the three habitat humid- 
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of species in each group using regression Eq. (1 ) and are expressed as percent’s of 

the force computed from unaltered values (1.0 EM 1.0 Area). 
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or significant contributions (17.269, 17.269; 18.467, 18.249; and 

8.425, 18.249, respectively). 

F = ( ( DA x 0 . 01684) + ( EM x 4 . 4728 ) 

+(( EM −21 . 7354) x ( DA −6205 . 26)) x 0 . 0 0 08) ) −97 . 8071 

(1) 

In contrast, when core protein surface area in μm 
2 was substi- 

uted for droplet area the model’s fitness decreases greatly, having 

 = 0.0 0 06 and adjusted R 2 = 0.23. LogWorth and False discov-

ry LogWorth values of core protein area, elastic modulus, and in- 

eraction term hovered around 2.0 (1.999, 1.999; 2.305, 2.120; and 

.296, 2.120, respectively). 

.2. The relationship of droplet area and protein elastic modulus to 

dhesive force 

We include 20% RH values from plots of droplet area, protein 

lastic modulus, and adhesive force ( Figs. 4–6 ), but regard these 

alues as reference value that describe droplets at close to their 

tiffest state and not values that are typically expressed in nature. 

his is confirmed by field recordings made in habitats where the 

tudy species were found showing that 20% RH is much lower than 

xperienced by any of the study species ( Fig. 4 in [2] ). The four

pecies that are found in exposed, low-humidity habitats exhibited 

aximum adhesive force at 37% RH or, in the case of A. auran- 

ia , first did so at 37% RH ( Fig. 4 ). Argiope arenata and A. pegnia

xpressed maximum pull-off force when area and elastic modu- 

us lines crossed and A. trifasciata and M. labyrinthea did so before 

his occurred, with their lines crossing around 45% RH.The three 

orest edge species also exhibited adhesive force peaks at 37% RH, 

hich occurred before their area and elastic modulus lines crossed 

round 45% RH ( Fig. 5 ). However, L. venusta force reached a sec-

nd force plateau from 70% to 90% RH when their area and elas- 

ic modulus lines had greatly diverged and M. sagittata showed a 

uch lower force plateau between 55% and 72% RN. 

The five species that occupy high humidity habitats exhibited 

he widest range of associations between droplet properties and 

orce ( Fig. 6 ). Droplets of the two nocturnal species, L. cornutus and

. crucifera , exhibited maximum pull off force at 72% RH, where 

roplet area and elastic modulus had diverged, although L. cornu- 

us showed a lower force peak at 37% RH where area and elastic 

odulus lines crossed. The forest species, M. gracilis and V. arenata , 

ach exhibit two pull-off force peaks. Micrathena gracilis shows a 

igher peak at 37% RH before area and elastic modulus curves in- 

ersect and a lower peak at 72% RH after area and elastic modulus 

ave diverged. Verrucosa arenata exhibits two similar force peaks, 

ne at 55% RH and another at 90% RH, both after area and elas-

ic modulus values have diverged. Droplets of T. elongata , which 

s found near water, exhibit increasing pull-off force as humidity 

ncreases and area and elastic modulus diverges, reaching a maxi- 

um value at 90% RH. 

.3. Relative contributions of protein area and elastic modulus to 

dhesive force 

Our methods did not allow us to experimentally uncouple the 

ffect of humidity on droplet area and cohesion in ways that would 

hange one value independent of the other as another study has 

one [14] . To better understand the interaction between these vari- 

bles, we used regression formula 1 described in Section 3.1 to 

imulate the effects of enhanced core protein elastic modulus and 

roplet area on pull-off force ( Fig. 7 ). In these simulations we 

sed humidity-specific mean elastic modulus and area values for 

pecies from low, intermediate, and high humidity habitats and ex- 

ressed modeled pull-off forces as precents of those determined 
474 
or each group’s unaltered elastic modulus and area values (1.0 EM 

.0 Area). As elastic modulus and area respond inversely to increas- 

ng relative humidity ( Figs. 4–6 ), we compared increased elastic 

odulus and decreased area (1.2 EM 0.8 Area) and decreased elas- 

ic modulus and increased area (0.8 EM 1.2 Area). In low and in- 

ermediate humidity species enhanced elastic modulus increased 

ull-off force and enhanced area decreased pull-off force. These 

hanges in pull-off force were greater and more continual in in- 

ermediate humidity species, with pull-off force plateauing at 72% 

H in low humidity species. These simulations had much less ef- 

ect on the modeled forces of high humidity species. At 37% RH in- 

reased elastic modulus reduced pull-off force while increased area 

esulted in a small increase in pull-off force. At relative humidities 

f 55% and greater changing either elastic modulus or area caused 

mall decreases in pull-off force. 

.4. Performance of regression model of adhesive force 

A comparison of measured adhesive force and that computed 

ith regression Eq. (1 ) shows the limits of this model in describ- 

ng adhesive force across species ( Fig. 8 ). Good correspondence be- 
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Fig. 8. Comparison of measured adhesive force and force modeled from droplet surface area and core protein elastic modulus using regression Eq. (1 ). Color bars denote the 

species’ foraging humidity: red = low, green = intermediate, blue = high. 
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s

ween measured and modeled forces was observed in six species, 

hich represented all three habitat humidity groups: A . pegnia, A . 

rifasciata, M. labyrinthea, A. marmoreus, M. sagittata, and V. arenata . 

he model performed poorly for four of the five high humidity 

pecies, L. cornutus and M. gracilis , whose pull-off forces oscillated 

cross humidities, and for N. crucifera and T. elongata , where pull- 

ff force increased continually from 35% RH to 72% RH and 90% RH, 

espectively. This may be due to the general regression model’s in- 

ensitivity to changes in core protein elastic modulus and droplet 

rea ( Fig. 7 ). 

Separate regression models for species from low and interme- 

iate humidity habitats were not significant. Low humidity species 

ad droplet area, core protein elastic modulus, and interaction 

erms LogWorth values between 0.550 and 0.895 and intermedi- 

te humidity species between 1.518 and 1.938. However, the re- 

ression model for the five high humidity species’ adhesive forces 

AF) provided below was highly significant ( P < 0.0 0 01, adjusted 

 
2 = 0.79), with droplet area (DA) in μm 

2 , core protein elastic 

odulus (EM) in MPa, and the interaction of these two variables 

ach having P < 0.0 0 01, LogWorth values of 7.952, 7.029, and 

.963 and False discovery LogWorth values of 7.475, 6.963, and 
i

475 
.963, respectively. 

F = ( ( DA x 0 . 04073 ) + ( EM x 1 . 95178 ) 

+( ( EM − 48 . 723 ) x ( DA − 2838 . 28 ) ) x 0 . 0 0 089 )) −108 . 891

(2)

However, pull-off forces of the five high humidity species com- 

uted with this formula neither differ from those computed with 

omprehensive formula 1 ( P < 0.0 0 01, r = 0.99) nor correspond 

ore closely with measured values than those computed with 

he comprehensive formula ( P < 0.0 0 01, r = 0.80 vs P < 0.0 0 01,

 = 0.83). 

.5. Habitat humidity and maximum adhesive force 

The adhesive forces of eight species ( A. aurantia, A. pegnia, A. 

rifasciata, L. cornutus, M. labyrinthea, M. sagittata, N. crucifera, T. 

longata ) peaked at a single post-20% RH. The humidity at which 

ach of these species exhibited maximum force was ranked 1 to 

, corresponding to humidities 37%, 55%, 72%, and 90% RH, re- 

pectively. Contingency tests showed that habitat humidity rank- 

ngs and maximum force rankings were correlated for both the 3- 
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Fig. 9. Comparisons adhesive force (light shading) and the work of adhesion (dark shading) at test humidities. Error bars are ± 1 standard error. 
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umidity ranking scheme ( R 2 = 0.73, Likelihood P = 0.0316) and 

he 4-humidity ranking scheme ( R 2 = 1.00, Likelihood P = 0.0254). 

We expanded this analysis to include four species ( A. mar- 

oreus, L. venusta, M. gracilis , and V. arenata ) whose droplets exhib- 

ted maximum adhesive force at two humidities. To do this we first 

esignated the humidity of the lower force peak as the humidity 

f a species’ maximum force. When combined with the other eight 

pecies, this 12-species set exhibited a significant association be- 

ween habitat humidity ranking and the rank of maximum adhe- 

ive force for both the 3-humidity ranking scheme ( R 2 = 0.52, Like- 

ihood P = 0.0361) and the 4-humidity ranking scheme ( R 2 = 0.67, 

ikelihood P = 0.0402). We next designated the humidity of these 

our species’ higher force peaks as the humidity of their maximum 

orce and combined these with the other eight species. This 12- 

pecies set also exhibited a significant association between habi- 

at humidity ranking and the rank of maximum adhesive force 

or both the 3-humidity ranking scheme ( R 2 = 0.57, Likelihood 

 = 0.0069) and the 4-humidity ranking scheme ( R 2 = 0.69, Like- 

ihood P = 0.0091). 

.6. Association of adhesive force and work of adhesion 

There were general similarities between changes in adhesive 

orce and the work of droplet extension to pull-off across test 

umidities ( Fig. 9 ). However, because work is the sum of force 
476 
uring a droplet’s extension, work tended to change more uni- 

ormly across humidity than did force, as seen in A. trifasciata, 

. labyrinthea , and V. arenata. In the seven species whose post 

0% RH force peaked at a single humidity ( A. pegnia, A. trifasci- 

ta, M. labyrinthea, M. sagittata, N. crucifera, T. elongata, and V. are- 

ata) , work peaked at the same humidity. In three other species 

 A. marmoreus, L. cornutus , and M. gracilis ), work also peaked at 

he two humidities where maximum force was expressed. Only 

n A. aurantia , which expressed low force at all post 20% RH’s, 

id adhesive force and the work of adhesion correspond poorly. 

he work of droplet extension peaked at a single post-20% RH in 

ll species ( Fig. 9 ). Contingency tests showed that this maximum 

ork was correlated with both the 3- and 4-humidity rankings 

chemes ( R 2 = 0.543, Likelihood P = 0.0111 and R 2 = 0.66, Like-

ihood P = 0.0140, respectively). 

. Discussion 

A more highly integrated picture of glue droplet biomechanics 

merges when adhesive contact is not restricted to core protein 

ontact area. It appears that, upon contacting a surface, a droplet’s 

ow-viscosity aqueous layer [ 1 , 14 ] spreads rapidly, allowing its 

morphous proteins [25] to establish a large area of adhesive con- 

act. Solvated by LMMCs in the aqueous layer [15] , the droplet’s 

ore protein combines with amorphous proteins in a manner that 
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Fig. 10. A revised model of orb web spider glue droplet adhesion that accounts 

for observations presented in Figs. 4–6 . In species that occupy low humidity habi- 

tats maximum adhesive force is registered when droplet area and protein cohe- 

sion lines intersect. Because species that occupy higher humidity habitats produce 

droplets with low hygroscopicity, higher humidity is required to soften their pro- 

teins and maximum adhesin is achieved at more divergent droplet area and pro- 

tein elastic modulus values. This makes it possible for droplets of some species that 

are adapted to intermediate or variable humidity habitats to express high adhesive 

force at several humidities. 
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t

s not well understood to create a secure bond. As a droplet begins 

o extend and force on its core protein increases, LMMCs also with- 

raw interfacial water from the droplet footprint enhancing adhe- 

ion [28] . A granular region at the center of the protein core en-

ures that, as a droplet extends, its core protein filament remains 

rmly anchored to a thread’s flagelliform fibers. Thus, just as a cap- 

ure thread’s glue droplets and flagelliform fibers are biomechani- 

ally integrated to form a suspension bridge that sums the adhe- 

ion of multiple droplets [ 9 , 11 , 12 , 37 ], the components of individual

lue droplets appear to be functionally integrated to establish and 

ransfer adhesive force. The earliest viscous capture threads may 

ave consisted of flagelliform fibers covered by aqueous material. 

hese threads would have been environmentally responsive, adhe- 

ive, and configured as a series of droplets. However, until core 

roteins were added, these simpler capture threads would not have 

enerated as much adhesive force or summed this force as effec- 

ively as do the capture threads of modern orb weaving spiders. 

The original model of glue droplet adhesion ( Fig. 2 ) represents 

aximum adhesion as a single peak that occurs when area and 

ohesion converge, and implies that this peak is shifted to the left 

n species found in dry habitats and to the right in species found 

n humid habitats. Our results suggest a revised model ( Fig. 10 ) in

hich the hygroscopic droplets of species that occupy dryer, ex- 

osed habitats ( A . aurantia, A . pegnia, A . trifasciata, M. labyrinthea )

nd two intermediate humidity species ( A. marmoreus and M. sagit- 

ata ) conform to the original model by expressing maximum force 

t lower humidity near the point where the lines of rapidly in- 

reasing surface area and rapidly decreasing elastic modulus inter- 

ect. However, this model requires the addition of a second adhe- 

ive peak to explain the performance of droplets of one noctur- 

al species ( N. crucifera ) and two species found in high humidity 

abitats ( T. elongate and V. arenata ), which have less hygroscopic 

roplets. These species’ droplets must become more fully hydrated 
477 
efore their contact areas are great enough and their core proteins 

liable enough to achieve peak adhesive force. The dual adhesion 

eaks of the revised model ( Fig. 10 ) also explain the dual adhesion

eaks of the intermediate humidity habitat species L. venusta , the 

octurnal species L. cornutus , and the forest-dwelling species M. 

racilis . The softening of a droplet’s protein core as humidity in- 

reases has been attributed to an increase in the spacing of bonds 

hat link protein molecules as additional water molecules are in- 

orporated rather than to changes in the nature of these bonds 

32] . It is also possible that increased water content increases the 

queous layer’s pH, causing protein molecules to become more 

egatively charged and altering protein bonding or folding. 

As hypothesized, both adhesive force and the work of extend- 

ng a droplet to pull-off at humidities between 37% and 90% RH 

ere associated with a species’ foraging humidity. However, these 

bservations also show that, when single glue droplet performance 

s considered, some species’ core proteins can function well at sev- 

ral humidities or over a range of humidities, as seen in the for- 

st edge species L. venusta , the nocturnal species L. cornutus , and 

he forest interior species M. gracilis and V. arenat a ( Fig. 9 ). This

ay not be surprising, as humidity can change over the course 

f a spider’s foraging time. For example, individuals in our study 

opulation of L. cornutus , construct webs on supports of grain bins 

nd edges of barns shortly after sunset, forage from the web’s hub 

uring the night, and, if their webs are not excessively damaged, 

ontinue to monitor them from a less conspicuous position at the 

eb’s perimeter during the following day. It is likely that during 

he night most prey are moths and during the day other insects. 

his is consistent with the adhesion of L. cornutus droplets, which 

xhibited a lesser force peak at 37% RH and a greater peak at 72% 

H. Measurements of the adhesion of 12.58 mm spans of L. cor- 

utus threads to glass and to insect surfaces with different setal 

extures also showed high adhesion at both 90% and 50% RH, al- 

hough tests were not performed at other humidities [38] . 

Our study follows the convention of ranking the habitat hu- 

idity of diurnal species according to the humidity they typically 

xperiences during late morning and afternoon hours and of noc- 

urnal species, during evening and nighttime hours ( Fig. 3 ), as in- 

erred from prolonged humidity recordings in the habitats where 

hese spiders were found ( Fig. 4 in [2] ). However, this does not 

ean that orb webs do not function at other humidities as men- 

ioned for nocturnal species. Opell has observed A. aurantia and 

. trifasciata feeding on grasshoppers in the early morning when 

umidity was very high. Thus, while natural selection may have 

uned these species’ capture threads to function optimally at low 

umidity, they continue to perform well enough at other humidi- 

ies. The benefit of doing so may constrain the ability of selection 

o sharply tune the adhesion of these and other species’ capture 

hreads. 

A previous study of L. cornutus thread adhesion uncoupled the 

ffect of humidity on adhesive contact area and cohesion by ad- 

ering threads at one humidity and extending them at another 

umidity [14] . This showed that both insufficient and excessive 

roplet spreading led to pull-off before a droplet fully extended 

nd was associated with lower work of thread peel. Threads regis- 

ered more work when adhered at 50% RH and extended at 30% RH 

han when both adhered and extended at 50% RH. The lowest work 

as recorded when droplets were adhered at 70% RH and extended 

t 50% RH. This agrees with our adhesive force modeling ( Fig. 7 ),

hich indicated that the pull-off force on a droplet increased when 

rotein elastic modulus is increased relative to droplet contact area 

nd decreased when area is increased relative to elastic modulus. 

Our study identified large inter-humidity and inter-species dif- 

erences in glue droplet properties ( Fig. 3 ) and adhesive forces 

 Fig. 9 ). In this context, we believe that any shortcoming of our at-

empt to address the effect of humidity on flagelliform fiber elastic 
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odulus did not obscure the broad picture that our results present 

f the response of orb web glue droplets to humidity. It would be 

ifficult to explain how progressive changes in flagelliform fiber 

lastic modulus values across humidity could account for the con- 

rasting and, in some species, oscillating patterns in droplet adhe- 

ive force and work that we observed. 

. Conclusions 

Our results support two hypotheses that have guided studies of 

rb web capture thread adhesion: 1. A glue droplet registers max- 

mum adhesion when its viscosity is low enough to establish suf- 

cient adhesive contact and its cohesion is high enough to trans- 

er this force to the thread’s axial fibers and 2. These optimal val- 

es are matched to a species’ foraging humidity by droplet hygro- 

copicity. We found that a previous model of glue droplet adhe- 

ive performance was fundamentally valid, but in need of modifi- 

ation to accommodate some species that are found in intermedi- 

te and high humidity habitats. Because these species’ droplets are 

ess hygroscopic they do not register maximum adhesion until am- 

ient humidity is sufficiently high to fully hydrated their aqueous 

aterial and protein cores. When incorporated into the previous 

odel, this change also better explains the observation that some 

rb weavers found in intermediate and high and humidity habi- 

ats express high droplet adhesion at several humidities, with their 

roplets initially performing like those of low humidity species and 

ater like those of high humidity species. 

When viewing a flattened glue droplet, such as that shown in 

ig. 1 B, it is easy to infer that its dense core protein determines its

dhesion. However, a droplet’s aqueous layer plays a critical role 

n determining its performance by absorbing atmospheric moisture 

hat hydrates all droplet components in a species-specific manner, 

y establishing initial adhesive contact, and by enhancing the core 

rotein’s adhesion. Our study further characterizes this synergy be- 

ween a droplet’s aqueous and core protein components, although 

 fuller picture of glue droplet biomechanics will require a better 

nderstanding of their molecular and structural integration. 
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