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H
umidity plays a pervasive role in
shaping the properties of biologi-
cal materials. Burying of seeds by

wheat-awns,1 optimal orientationof branches
in spruce trees,2 and pollen adhesion3 are all
actuated by water uptake in response to
changes in relative humidity (RH, %) of air.
However, high humidity usually hinders
adhesion, as seen in most synthetic adhe-
sives.4,5 In contrast, spider viscid glue be-
comes stickier as humidity increases,6�9

more than doubling adhesion at humidities
as high as 90% RH in some spider species.8

The impressive diversity of orb-weaving
spiders (∼5500 species)10 attests to how
effectively silk glues adhere to insects, mak-
ing it important to understand how humid-
ity impacts glue performance. The habitats
of these species vary from extremely arid to
very moist environments, suggesting that
how viscid glue responds to humidity may
facilitate adaptation to the local environ-
ment. Increase in interfacial water at high
humidity decreases adhesion of synthetic
glues,4,5 and understanding how spiders
overcome this limitation can help in design-
ing better adhesives for humid environments.
The viscid silk in orb-weaving spiders

consists of a pair of central flagelliform silk
threads with evenly spaced glue droplets
produced by the aggregate glands.11,12

These glue droplets, which self-organize
due to capillary forces,13,14 consist of glyco-
proteins15,16 in a mixture of water and low
molecular weight inorganic and organic
salts.15,17�19 These salts are hygroscopic
and constitute 40�60% of the total weight
of the web.13,17,18 The salts play an impor-
tant role in keeping the glue moist and
stabilizing the glycoproteins.20 Also, the
salts and glycoproteins are intermixed with
each other,19 rather than phase-separated
as an earlier model proposed.13,21 With in-
crease in humidity, the glue droplet can
swell and almost double its size6�9 reduc-
ing glue viscosity. Viscoelastic adhesion
theory22 predicts that glue adhesion is con-
trolled by two dominating factors: interfacial
adhesion and bulk dissipation. At low hu-
midity, the glue is solid and cohesively
strong, but it is unable to spread and thus
has low interfacial adhesion. At high humid-
ity, glue sequesters water from atmosphere,
thereby increasing in size and spreading
over a larger area (high interfacial adhesion)
but resulting in low bulk dissipation (more
liquid-like). Thus, we anticipate an optimum
humidity where adhesion is maximum.6

We hypothesize that natural selection
has tuned the glue viscosity to maximize
adhesion to match the foraging humidity
of spiders. To test this hypothesis, we have
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ABSTRACT Adhesion in humid conditions is a fundamental challenge to both natural and synthetic adhesives.

Yet, glue from most spider species becomes stickier as humidity increases. We find the adhesion of spider glue, from

five diverse spider species, maximizes at very different humidities that matches their foraging habitats. By using high-

speed imaging and spreading power law, we find that the glue viscosity varies over 5 orders of magnitude with

humidity for each species, yet the viscosity at maximal adhesion for each species is nearly identical, 105�106 cP.

Many natural systems take advantage of viscosity to improve functional response, but spider glue's humidity

responsiveness is a novel adaptation that makes the glue stickiest in each species' preferred habitat. This tuning is

achieved by a combination of proteins and hygroscopic organic salts that determines water uptake in the glue.

We therefore anticipate that manipulation of polymer�salts interaction to control viscosity can provide a simple

mechanism to design humidity responsive smart adhesives.
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selected five spider species that are active in very
different microhabitats (Table 1). We demonstrate
an intriguing correlation between maximum adhesion
and optimum range of viscosity for all five spider
species. This suggests a very simple and elegant ap-
proach of tuning adhesion by controlling water uptake
through the use of hygroscopic salts.

RESULTS

Adhesion Testing. Figure 1 shows the normalized
work done during peeling of capture threads for the
five spider species at four different humidities, 30, 50,
70, and 90% RH. The data are normalized to the lowest
value within each species because the absolute peel-
ing work depends on the size and spacing of the glue
droplets, both of which differ across species. The
absolute value of peeling work is reported in Table S1.
The contact time of thread with the substrate and the
peeling rate were kept constant in all the measure-
ments (see Experimental Section).

The peeling work is responsive to environmental
humidity for all species. Interestingly, maximum adhe-
sion occurs at the humidity closest to the foraging
humidity of each species. For example, Argiope viscid
thread shows maximum adhesion at RH of 30�50%
and declines significantly at higher humidity. This
correlates well with Argiope ecology because they are
active during the day in the fields, where the humidity
averages 40�50% RH.9 On the other extreme, the
adhesion of Tetragnatha viscid thread continues to
increase close to 100% RH. This again matches well
with Tetragnatha ecology because they build webs
at night in extremely moist environments just above
the streams.25 Similarly, Verrucosa, Larinioides, and
Neoscona all showed maximum adhesion at inter-
mediate humidity, which is close to the humidity at
which they forage.8,25

The work done during peeling spider viscid silk
includes contributions from two components: glyco-
protein glue and the flagelliform fiber that supports the
glue droplets (Figure 2B). Using the model developed
by Sahni et al.,27 we decoupled the work done by
the glue and the fibers. Both components contribute
similarly to the total peeling work (Supporting Infor-
mation, Section 2 (SI-2)), suggesting that both the
flagelliform fibers and the glue have an optimum

design for maximizing adhesion. The increase in work
done by the flagelliform fibers with increase in humidity
is consistent with the tensile data reported by Vollrath
et al.11 and shows that the water absorbed by hygro-
scopic salts plasticize both the fiber and the glue
droplets.

Figure 2A,B shows the light microscope images of
the Larinioides viscid silk thread during peeling at three
humidity conditions, and the corresponding force�
extension data are shown in Figure 2C. Figure 2A
shows the side-view of glue droplets during peeling.
At low humidity, the glue droplets do not spreadmuch
on the surface and remain intact during the peeling
process. At high humidity, the droplets spread com-
pletely such that they coalesce to form a sheet of glue
during peeling. The force profile of capture thread at
high humidity shows a gradual decrease in force,
suggesting that the sheet of glue thins into capillary
bridge before breaking. At optimumhumidity, the glue
not only spreads to make contact on the surface
but also strongly resists peeling. The peeling work is
highest because both peak-force and extension are
maximized. The force-strain profile of whole thread is

TABLE 1. Spider Species and Their Habitats

foraging conditions

species time microhabitat

Argiope trifasciata diurnal open field23

Larinioides cornutus nocturnal near water-bodies24,25

Verrucosa arenata diurnal edge of forests25

Neoscona crucifera nocturnal forest26

Tetragnatha laboriosa nocturnal above water25

Figure 1. Work done during peeling of capture thread from
five spider species at four different humidities. Top to
bottom panels include species from the humid to dry
habitat, respectively. Notice that for each species, the
maximum adhesion occurs at the humidity closest to the
foraging humidity of that spider species. Table 1 includes
the full description of spider species and their habitats. The
adhesion data were offset on the y-axis to clearly represent
the trendwith humidity. The ratio ofmaximum tominimum
adhesion for each species is denoted on the left of each
curve. The adhesion test was done over a sample size
of >14 silk threads from various webs and spiders, and the
actual peelingwork values are reported in Table S1. The rate
of pull-off was kept constant at 1 mm(s)�1. The error bars
represent standard error.
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similar to the single glue droplet pull-off experiments
as a function of humidity.6,27

Figure 2B demonstrates the top view during peel-
ing, where we observe a transition from interfacial
failure to cohesive failure as humidity increases. At
low humidity, the glue is visually peeled off from the
surface. But at high humidity, the glue was left behind
at the contacting area. The reduction in viscositymakes
the bulk strength significantly weaker than the inter-
face, such that at high humidity, the glue fails cohe-
sively. This trendwas observed for all the spider species
except Tetragnatha. For Tetragnatha, the glue viscosity
did not reduce enough to observe cohesive failure
even up to 90%RH. As seen in Figure 1, the Tetragnatha
glue's peeling work kept increasing at humidities close
to 100% RH.

Maximizing Peeling Work. Glue has to balance two
antagonistic functions for adhesion: spreading to in-
crease contact area and resisting peeling to dissipate

energy. That is, the peeling work is fundamentally a
product of two factors: interfacial adhesion and bulk
dissipation. The interfacial adhesion depends on inter-
facial bonds, which are related to the spreading area of
the glue droplet and the strength of intermolecular
interaction. The bulk dissipation depends on the
viscosity/viscoelasticity of the glue droplet. The glue
droplet absorbsmoisture from the atmospherewith an
increase in humidity6�9 such that the glue becomes
more fluid and extensible (Figure 2A). The spreading
area depends on the initial volume of the drop and the
rate of spreading. Both the glue spreading with time
and the bulk dissipation are related to glue viscosity.
Similar to a model used for viscoelastic adhesives
(eq 1),22 the total peeling work, UT (J), is a product of
interfacial adhesion energy, (Wa*Aglue), and bulk dis-
sipation factor, f(V,T,η). Wa (J/m2) is substrate�glue
interaction energy, and Aglue (m

2) is spreading area of
glue, and f(V,T,η) is a function of rate of peeling (V),
temperature (T), and viscosity (η). T and η are depen-
dent variables, as an increase in T generally reduces
η of polymeric adhesives.28 It is important to note that
UT is a product of two factors, and maximum adhesion
is achieved when both contact area and bulk dissipa-
tion are optimized.

UT ¼ (Wa � Aglue)(1þ f (V, T,η)) (1)

In these experiments we kept thread peeling rate,
thread contact time, and temperature constant. The
parameters controlling the peeling work are viscosity,
spreading area, and intermolecular interactions. To
quantify the changes in viscosity and spreading area,
we measure the spreading kinetics of the glue dro-
plets as a function of RH using a high-speed camera
and the experimental geometry shown in Figure 3A.
The glue droplet is brought in contact with clean
glass substrate, and the spreading of glue is observed
on the glass substrate under transmitted light (see
Experimental Section). Figure 3B shows time-lapse
images of Larinioides glue spreading at different
humidities. The glue droplets spread further and faster
as the humidity increases. Notice that the initial size
of droplet at t = 0 doubles as the humidity increased
from 30% to 90% RH due to the hygroscopic nature
of the glue.6�8

Measuring Glue Viscosity. We normalize the glue
spreading radius, r, on the substrate with the initial
radius of the glue droplet, R. This helps to compare glue
spreading kinetics at different humidities within and
between species. To determine the range of viscosity
for optimum adhesion, we quantify the spreading of
liquid droplets on solid substrate using the following
power law (eq 2)29,30 which relates the spreading of a
liquid droplet with the viscosity of the fluid:

r

R
¼ (

γt

ηR
)β (2)

Figure 2. Larinioides captures threadpeeling at 0.1mm(s)�1

in low, medium, and high humidity environment. (A) Side-
view of capture thread peeling. Notice the increase in glue
extensibility with humidity. (B) Top view shows the spread-
ing and just before peeling images. Notice that at low
humidity, the glue is completely peeled from the surface,
but at high humidity, glue is left behind at the contact
interface after peeling. At intermediate humidity, the glue
peeled from the surface following a combination of inter-
facial and cohesive failure. (C) Typical force�extension
graphs obtained for capture thread peeling at different
humidities. The maximum peak-force and glue extension
are achieved at optimum humidity, thereby maximizing
the work (area under the curve) at medium humidity for
Larnioides species. Scale bars are 50 μm.
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where r is radius of the spreading front on the sub-
strate, R is the initial radius of the liquid droplet, γ is
surface tension, η is viscosity, t is time, and β is a
constant that depends on the time interval during
spreading.29 Since this law has been tested for liquid
droplets but not for liquid droplets on a thread, we first
constructed model glue droplets consisting of silicone
polymer of different viscosities as beads on a nylon
thread.14 We measured (r/R) as a function of time and
used the concept of shift-factor to calculate the change
in viscosity with respect to a reference polymer
viscosity, which in this case was ∼100 cP. The use of
the shift-factor does not depend on the validity of the
power law, but only on the dimensionless parameter,
(γt/ηR). The expected and calculated viscosity values
were within a factor of 2 of each other (SI-5), validating
the procedure for analyzing the changes in viscosity as
a function of humidity in spider glue.

We further use the shift-factor concept to calculate
the glue viscosity as a function of humidity. Figure 4A
shows the glue spreading with time at the humidity
of maximum adhesion for four spider species. As a
comparison we include the spreading for ∼100 cP
silicone liquid. We rescale the x-axis using shift-factor
to overlap all the data in Figure 4A on a master curve
(Figure 4B). The shift-factors are then used to calculate

the viscosity using the eq 2 (SI-6). Table 2 shows the
glue viscosity range for four spider species and the
viscosity at humidity of maximum adhesion condition.
The results show that there exists a narrow range
of viscosity value where adhesion is maximized.
The viscosity of glue in four spider species changes
over 5 orders of magnitude, but maximum adhesion is
achieved in a narrow range of viscosity, 105�106 cP,
even though viscosity is achieved at very different
humidities for each species.

Tetragnatha glue viscosity is not calculated be-
cause of the small size of the glue droplets (∼10 μm
diameter), which resulted in interference fringes31

around the droplet boundary, thereby making it diffi-
cult to track the spreading front (Figure S10). However,
a number of qualitative observations suggest that
Tetragnatha glue ismore viscous than the glue of other
four species. Unlike other species, Tetragnatha glue
was not observed to spread beyond the initial radius
for t < 1 s at 50% RH (SI-6). At 90% RH, the Tetragnatha
glue spread to a maximum size of ∼1.5� the orginal
size, while the glue droplets of other four species
spread to almost twice the initial radius (Figure S2).
Furthermore, upon peeling at 90% RH, we observe
a mixture of interfacial and cohesive failure for
Tetragnatha glue, while other species at high humidity

Figure 3. (A) Experimental setup to measure spreading of spider glue droplets under controlled humidity. (B) Time-lapse
images of Larinioides spider glue droplets spreading under four different humidities. Notice that both rate and total glue
spreading area increase with humidity. The differences in droplet sizes at t = 0 s are due to the swelling of droplets during
acclimation at higher humidities. Scale bar is 50 μm.

Figure 4. (A) Plot of normalized spreading radius (r/R) vs time (t) for four spider species at the humidity ofmaximumadhesion
and∼100 cP Siliconepolymer. (B) Normalized spreading radius (r/R) plottedwith amodified time axis (t/k), where k is the shift-
factor required to overlap the spreading graphs on a master curve (see SI-6). Please note that spreading beyond the initial
droplet radius was not visible until∼0.01 s (see text). The sample size used for these measurements is provided in Table S3.
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show significant cohesive failure such that all the glue
is left behind at the contact interface (Figure 2B). These
observations suggest that the viscosity of Tetragnatha
glue viscosity is higher than the optimal viscosity
required for adhesion and that this range was not
reached even until 90% RH.

DISCUSSION

Figure 5 depicts the principle behind spider glue's
humidity responsive adhesion. From eq 1, the total
peeling work is a product of two terms: surface inter-
action and bulk dissipation. The surface interaction
term, (Wa*Aglue), is a product of substrate�glue inter-
action energy and the spreading area. We do not
expect the substrate�glue interaction energy to be a
function of humidity, but the spreading area increases
significantly with humidity. Figure 5A shows spreading
area for Larinioides plotted after 1 s of contact time.
The choice of 1 s contact time is both ecologically
relevant32 and similar to adhesion test conditions
(Figure 1). The bulk dissipation term, (f(V,η)), is a
function of rate of peeling and viscosity. Here we kept
the peeling rate constant, and the viscosity decreases
sharply with an increase in humidity (Figure 5A,
Larinioides). Single glue droplet adhesion measure-
ments for Larinioides show that the viscous dissipa-
tion energy decreases sharply with an increase in
humidity.6 Because the total peeling work is a product
of surface interaction and bulk dissipation and both
these factors vary with a opposite trend with a change
in humidity, we expect that the adhesion will be
maximized at an intermediate humidity (Figure 5B).
We find that this optimum humidity is specific to each
species and is preferred for its foraging habitat. Thus,
adaptation of spider glue to a particular microhabitat
could easily occur through shifts in how glue viscosity
responds to humidity.

CONCLUSION

Many biological systems modulate viscosity for a
variety of functions. Bacteria cytoplasm turns glassy

during dormancy to reduce metabolic activity.33 Flies
use low-viscosity secretions to enable quick detach-
ment,34 chameleons35 use highly viscous secretions to
catch prey, and velvet worms36 and spitting spiders37

subdue prey by entangling them in quick-hardening
glues. But spider species are exceptional in how their
glue viscosity is tuned to perform optimally at the
foraging humidity of their natural habitat. For spider
glue, the capillary forces are much smaller in com-
parison to the viscous/viscoelastic forces,27,38,39 and
tuning of glue viscosity is an efficient way of maximiz-
ing adhesion for prey capture.
So, how do spider species tune their glue viscosity?

The known glycoproteins in spider glues show ∼10%
variation in sequence across spider species,16 but the
salt composition is highly variable.17,18,40 Since hygro-
scopic salts determine the humidity responsiveness
of the spider glue by absorbing water and pro-
viding protein mobility,20 these protein-salt com-
binations appear to have been the target of natural

TABLE 2. Viscosity of Spider Glue from Diverse Spider

SpeciesMeasured at the Humidity ofMaximumAdhesiona

species

humidity at maximum

adhesion (% RH) viscosity (cP) viscosity range (cP)

Argiope 30 ∼7 � 105 103�106

Larinioides 50 ∼1 � 105 103�108

Verrucosa 50 ∼8 � 105 103�107

Neoscona 70 ∼6 � 104 103�108

Tetragnatha 90 � �
a Notice that the glue viscosity varies over five orders of magnitude with humidity,
yet the maximum adhesion is achieved in narrow range of viscosity, 105�106 cP.
Tetragnatha viscosity could not be calculated because of its small-sized glue
droplets and interference fringes formation around the droplet boundary (see text
and Figure S10).

Figure 5. Model for spider glue's humidity responsive
adhesion. (A) The measured viscosity (cP) and glue droplet
spreading area (after 1 s of contact time)32 is plotted against
humidity for Larinioides spider species. The spreading area
was measured from top-view (Figure 2B), except for 30%
RH, where the area was measured from side-view as the
droplets did not spread beyond their initial size in 1 s
contact time (see Experimental Section). (B) As the humidity
increases, the glue viscosity decreases significantly. A de-
crease in glue viscosity increases the spreading area but
reduces the bulk dissipation. Since adhesion is a product of
spreading area and bulk-dissipation (eq 1), there exists an
optimum humidity wherein adhesion is maximized. Spider
species tune glue viscosity to maximize capture thread
adhesion at different humidities.
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selection that contributes to the nonlinear response
of bulk glue viscosity to humidity. Investigating
the role of individual salt components on protein
mobility and bulk viscoelasticity would help in under-
standing how salts tune the glue viscosity, and

ultimately the glue adhesion. The addition of low
molecular weight organic salts to hygroscopic adhe-
sives can therefore provide a mechanism to tune the
performance of the next generation of synthetic
adhesives.

EXPERIMENTAL SECTION
Spider Care and Sample Collection. Naturally spun orb webs of

Neoscona and Verrucosa were collected near Blacksburg, VA,
USA. Larinioides, Argiope, and Tetragnatha were collected in
Akron, OH, USA. All the spiders were housed in separate cages
and fed a weekly diet of crickets. Silk samples were collected
onto cardboard mounts with a 5 mm inch hole in the center.
Only regions directly below the spiders hub were collected
in order to remain consistent and limit within web variation.
The procured orb webs were stored in laboratory environment
at 22 ( 2 �C and 30 ( 5% RH and tested within 2 weeks of
collection. No significant difference was observed in the adhe-
sion of fresh and 2 week-aged samples.41

Adhesion Testing. Individual threads of capture spiral silk were
collected from the webs and adhered to rectangular cardboard
mounts across 12.58mmgaps. We used anMTS Nano Bionix for
adhesion measurements. The samples were equilibrated at the
desired humidity for 3 min and brought in contact with a 5 mm
wide piece of glass mounted on a small clamp. The sample was
first lowered until it initially contacted the glass and then
pressed down until the force registered 50 mN, to ensure firm
contact. The sample was kept in contact for 6 s before pulling
away from the substrate at a constant rate of 0.1 mm(s)�1. The
area under the load�displacement curve represents the energy
required to separate the thread from the glass substrate
(referred to as peeling work). The glass substrates were cleaned
by washing them with isopropyl alcohol and deionized water.
After every test, we advanced the new thread 0.125 mm to
ensure that every run was performed on a clean glass surface.
The sample size for the number of capture threads tested for
each species under each humidity is compiled in Table S2.

Glue Droplet Spreading. We used an Olympus BX53 micro-
scope with 20�, 50�, and 100� objectives. A custom-built
humidity chamber controlled the ambient humidity around the
droplet. A clean hydrophilic glass substratewas placed between
the microscope and the droplet, and the silk thread with glue
droplets was bought in contact with the substrate. This motion
is referred to as immobilization of the glue droplet. The entire
process was observed under transmitted light. Due to the
spherical shape of the droplet, a bright spot of light was
observed on the topmost point of the droplet. At the time of
immobilization, there was a distinct change in the intensity of
this spot, which was considered as t = 0 (SI-7). We used a
Photron FASTCAM SA3 camera to observe the glue droplet
immobilization process at 1000�2000 frames per second (fps).
Transmitted light ensured contrast and resolution for accurate
tracking of the droplet boundary at 50� and 100� magnifica-
tion. However, in this geometry, the spreading front could be
tracked only after it had spread beyond the original radius of the
droplet. The spreading front was therefore not tracked between
the time the drop made the initial contact to the time the
spreading front reached the size of the initial radius of sus-
pended droplet.

The silk thread was equilibrated at a particular humidity
before the immobilization. The humidity and the volume of the
glue droplet are constant during immobilization. The silk glue
droplet increases its volume by absorbing water from the
atmosphere at higher humidities. A motor controlled manip-
ulator brought the natural spider silk thread into contact with
the substrate at a velocity of 0.1 mm(s)�1, a value significantly
less than the early spreading velocity of glue. The size of the
glue droplet varied across the species,8 but all were significantly
smaller than the possible capillary length of the droplets (SI-8).
The transparent glass substrates were cleaned by sonicating for

15 min each in chloroform and acetone, followed by drying
inN2 gas. The sample size for the number of glue droplets tested
for each species under each humidity is compiled in Table S3.
Videos were captured at 2000 fps, with the exception of
Tetragnatha and the synthetic polymer droplets, which were
filmedat 1000/500 fps. Thedroplet sizewas trackedon each frame
of the video, which varied in length from800 to5000 frames. From
the side view,weobserved completewettingof glue on theglass
substrate under all humidities measured (Figure 2A).

Video Analysis. Videos were analyzed using ProAnalyst
motion analysis software (XCitex, Inc., Cambridge, MA, USA).
Between one and six droplets were chosen from each video
depending on the size of the glue droplets and the optical
magnification used. Individual coordinate systemswere created
for each droplet, originating at their respective centers. The axial
direction along the fiber was chosen as the x-axis, and the radius
was tracked on the orthogonal y-axis direction. The spreading
front was tracked only after it had spread beyond the original
dimension of the droplet. The initial contact was immediately
noticeable by a characteristic color change as light began to
refract through the substrate�droplet layer (SI-7). The measured
coordinates were then translated into droplet radius values.

Viscosity Calculations. Surface tension of glue was determined
by measuring surface tension of model aqueous salt solutions
of similar concentration of salts as found in Larnioides species
(SI-4). Even though we do not know the absolute value of
surface tension of spider glue, the range of possible surface
tension values are ∼30�70 mN/m, which is significantly less
than the orders of magnitude variation in the viscosity of the
glue (Figure 4A and SI). Hence, we have used an average
measured value of surface tension (65 mN/m) for calculating
the approximate glue viscosity. Also, an increase in humidity
may condense water on glass resulting in a change in effective
surface energy of substrate. However, the effect of change in
substrate wettability on the spreading power law is only
observed in the late stages of spreading (t ∼ 1 s),29,30 and its
effect is expected to bemuch smaller than the actual changes in
glue viscosity as a function of humidity.
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