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Directional water collection on wetted spider silk
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Many biological surfaces in both the plant and animal kingdom
possess unusual structural features at the micro- and nanometre-
scale that control their interaction with water and hence
wettability'~. An intriguing example is provided by desert beetles,
which use micrometre-sized patterns of hydrophobic and hydro-
philic regions on their backs to capture water from humid air®. As
anyone who has admired spider webs adorned with dew drops will
appreciate, spider silk is also capable of efficiently collecting water
from air. Here we show that the water-collecting ability of the
capture silk of the cribellate spider Uloborus walckenaerius is
the result of a unique fibre structure that forms after wetting, with
the ‘wet-rebuilt’ fibres characterized by periodic spindle-knots
made of random nanofibrils and separated by joints made of
aligned nanofibrils. These structural features result in a surface
energy gradient between the spindle-knots and the joints and also
in a difference in Laplace pressure, with both factors acting
together to achieve continuous condensation and directional col-
lection of water drops around spindle-knots. Submillimetre-sized
liquid drops have been driven by surface energy gradients” or a
difference in Laplace pressure'’, but until now neither force on its
own has been used to overcome the larger hysteresis effects that
make the movement of micrometre-sized drops more difficult. By
tapping into both driving forces, spider silk achieves this task.
Inspired by this finding, we designed artificial fibres that mimic
the structural features of silk and exhibit its directional water-
collecting ability.

Spider silk, which is composed of humidity-sensitive''~'® hydro-
philic flagelliform proteins'”'®, enjoys a high reputation as a fibre
with excellent mechanical properties'"'*">'7°. Another intriguing
but less studied feature is its ability to collect water from humid air
(see Supplementary Fig. 1). This is seen in webs built by cribellate
spiders, which use a cribellum—a comb-like device—to separate silk
fibres drawn from their spinnerets into many exceedingly fine fibres.
The environmental scanning electronic microscopy (SEM) images of
the spider silk in Fig. 1 illustrate its structure. Puffs composed of
nanofibrils are spaced along two main-axis fibres with a periodicity
of 85.6 = 5.1 um (Fig. 1a)*. The puffs’ diameter is 130.8 = 11.1 um,
and they are separated by joints with a diameter of 41.6 = 8.3 um. The
zoomed-in image in Fig. 1b shows the puffs to be composed of
random nanofibrils (20-30 nm in diameter). These highly hydro-
philic nanofibrils'”'® enhance the wettability of spider silk, which is
favourable for condensing water drops.

When dry spider silk is placed in fog, its structure changes as water
starts to condense and form drops that move along the silk fibre
(Fig. 2). At the initial stage, tiny water drops (black dots indicated
by arrows in Fig. 2a) condense on the semitransparent puffs. As water
condensation continues, the puffs shrink into opaque bumps (Fig. 2b,
¢) and finally form periodic spindle-knots (Fig. 2d). The impact of
fog on the mechanical properties of spider silk has been noted
before'™'®, and the present observations indicate that in the case of

cribellate spider silk, the material changes its fibre structure as a result
of wetting. After this ‘structural wet-rebuilding’, directional water
collection starts.

To analyse this process, images of the wet-rebuilt spider silk are
divided into four regions that each contain one joint (that is, regions
L 1L, Il and IV in Fig. 2d—f). When exposed to mist, small water drops
(identified by numbers 1 to 10 in Fig. 2e) randomly condense on
joints (drops 1, 3, 4, 5, 8 and 10) and on spindle-knots (drops 2, 6, 7
and 9). As water condensation continues, the drops grow in size and
those on joints move directionally to the nearest spindle-knots (white
arrows in Fig. 2e) where they coalesce to form larger water drops
(Fig. 2f). Drops 1-5, which formed in regions I and II, coalesced into

Two main-axis fibres

Figure 1| Structures of dry capture silk of cribellate spider. a, Low-
magnification environmental SEM image of periodic puffs and joints
surrounding two main-axis fibres. b, Magnified image of puff composed of
countless nanofibrils.
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Figure 2 | In situ optical microscopic observation of directional water
collection on spider silk in mist. a, Dry spider silk is of four semitransparent
puffs. In mist, few tiny water drops (indicated by arrows) first condense on
puffs. b—d, Puffs shrink to opaque bumps with water condensing and form
spindle-knots linked by joint. d—f, The directional water collection on the
wet-rebuilt multistructural spider silk. The images are divided into four
regions (I, I, IIT and IV). e, Smaller water drops condense on spider silk
(denoted 1—10). Water drops move directionally from joints to spindle-
knots (as indicated by arrows) with volume increasing. f, The growing water
drops 1—5 coalesce to a larger water drop L covering two spindle-knots (I
and II), while water drops 6, 7 and 8—10 coalesce to two medium water
drops: M covering single spindle-knot IIT and N covering single spindle-knot
IV. g—i, More detailed directional drop movement on individual spindle-
knot. Smaller water drops (1',2’, 3" and 4') first randomly condense on the
spindle-knot and the joints at 0.156 s (g). With volume increasing, droplets
3’ and 4’ coalesce into water drop H on the spindle-knot at 0.702 s, while
water droplets 1" and 2’ spontaneously move from joints to spindle-knot (as
indicated by white arrows) (h) and coalesce to a larger water drop H' on the
spindle-knot at 0.796 s (i). Then the joints refresh and a new directional
water collection cycle starts (two tiny water drops 1’ and 2"’ recondense on
the joints) (i). The black arrows indicate the condensing sites of joints that
are favourable for continuous directional water collecting.

a larger drop L that covers two spindle-knots, while drops 6 and 7 in
region Il and drops 8-10 in region IV coalesced to form medium-sized
drops M and N, each covering a single spindle-knot. Overall, these
observations imply that the periodic fibre structure of spindle-knots
and joints found in wetted spider silk plays a part in directional water
collection.

We further monitored water collection by focusing on an individual
spindle-knot of the spider silk fibre (Fig. 2g—1). In the initial stage, small
water drops 1',2', 3" and 4’ randomly condensed on the spindle-knot
and the two adjacent joints (Fig. 2g). The growing drop 3’ then moved
to the spindle-knot (white arrow in Fig. 2g) where it encountered drop
4" and coalesced to form drop H (Fig. 2h). Meanwhile, the growing
drops 1" and 2" located on the joints also moved towards the spindle-
knot (white arrows in Fig. 2h) and coalesced with the already-present
drop H to form a larger drop H' (Fig. 2i). A rather large water drop
finally formed on the spindle-knot through sequential coalescence of
smaller drops originating from the joints.

In this process, the spindle-knot serves in the initial stage as a
condensing site and then as a drop collecting site for the coalescence
of smaller drops that originate from the joints. In contrast, the joints
mainly act as condensing sites (black arrows in Fig. 2g—i), where
water condenses into drops that are then transported to the
spindle-knot. Importantly, after water drops have left the joints
and been collected on the spindle-knot, a new cycle of water con-
densation and directional drop movement can start on the joints.
This is seen in Fig. 2i, in which drops 1’ and 2"’ condense on the
joints after drops 1" and 2’ have formed and moved to the spindle-
knot. Taken together, these images illustrate how the cooperation
between joints acting as condensing sites and spindle-knots acting
mainly as collecting sites enables uninterrupted directional water
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collection (see also Supplementary Fig. 2 and Supplementary Movie 1).
We observed such directional water collection behaviour only with
wetted silk fibres (that is, wet-rebuilt silk) from the cribellate spider
Uloborus walckenaerius; in contrast, silkworm silk and nylon fibres
with a uniform structure did not exhibit the directional water collection
phenomenon (Supplementary Figs 3, 4).

To explore in more detail the role of fibre structure in directional
water collection behaviour, we show, in Fig. 3, environmental SEM
images of the wet-rebuilt spider silk. The wetted spider silk is com-
posed of alternate spindle-knots and joints (apex angles 25 = 19°)
with periodicity of 89.3 = 13.5um (Fig. 3a). The diameters of
spindle-knots and joints are 21.0 * 2.7 um and 5.9 = 1.2 um, respec-
tively. Magnified images of a spindle-knot (Fig. 3b, c) reveal highly
random nanofibrils that give a rough surface topography, while com-
parable images of a joint (Fig. 3d, e) show that it is composed of
nanofibrils that run relatively parallel to the silk fibre axis and form
an anisotropic aligned and relatively smooth topography. These
structural features can give rise to a surface energy gradient and a
difference in Laplace pressure, which can both act as a driving force
for the directional movement of water drops as detailed below (see
also Fig. 4).

Surface energy gradients can arise from differences in either sur-
face chemical composition”® or surface roughness®*, and such gra-
dients will drive water drops towards the more wettable region with a
higher surface energy. According to Wenzel’s law*:

cosOw=r cosf (1)

where ris surface roughness, 0,, and 0 are the apparent and intrinsic
contact angles on rough and smooth surfaces, respectively. As for
hydrophilic spider silk'”'%, its chemical composition does not change
much along the fibre, but the joint has a smaller axial-parallel rough-
ness and hence larger water contact angle than the spindle-knot

Joint

Spindle-knot

f

Figure 3 | Structure of wet-rebuilt spider silk. a, Environmental SEM
images of periodic spindle-knots linking with slender joints. The apex angle
of spindle-knots (2f3) is about 19°. Low-magnification (b) and zoomed

(c) images show that the spindle-knot is randomly interweaved by
nanofibrils. d, e, Low-magnification (d) and high-magnification (e) images
of the joint, which is composed of nanofibrils aligned relatively parallel to the
silk axis.
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E Random nanofibrils — discontinuous TCL
E Aligned nanofibrils — continuous TCL

b Surface energy gradient and
difference in Laplace pressure
—

Moving direction

Water drop

Figure 4 | Mechanism of directional water collection on wet-rebuilt spider
silk. a, Spindle-knots are interweaved by highly random nanofibrils, while
joints are composed of relatively aligned nanofibrils. Spindle-knots are of
larger silk-axial roughness than joints. Meanwhile, random surface
topography of spindle-knots forms discontinuous TCL, while aligned
surface topography of joints forms continuous TCL for water drops, which is
helpful for water drops’ movement along joints. b, Surface structural
anisotropy generates a surface energy gradient so that spindle-knots possess
higher apparent surface energy than joints. At the same time, the conical
shape of the spindle-knot generates a difference in Laplace pressure from the
high-curvature region (joint) to the low-curvature region (spindle-knot), as
the inset shows. The cooperation of these two factors drives water drops
from joint to spindle-knot. The arrows denote the directions of drop
movement.

(Fig. 3¢, e). That is, the spindle-knot is more hydrophilic and has a
higher apparent surface energy than the joint* (see also Fig. 4b). The
force generated by a surface energy gradient that arises from a dif-
ference in surface roughness is given by”"

Ly
F= J y (cos 0 — cos Oy) dl (2)
L/
where y is the surface tension of water, 04 and 0y are the advancing
and receding angles of water drop on spider silk (0, <0, according
to equation (1)), respectively, and dlis the integrating variable along
the length from the joint (L;) to the spindle-knot (L;). The surface
energy gradient arising from differences in roughness will thus drive
water drops to move from the less hydrophilic region (joint with
relative lower surface energy) to the more hydrophilic region
(spindle-knot with high surface energy) (Fig. 4b).

The second possible driving force for directional water drop move-
ment arises from the spindle-shaped geometry of the knots, which
will generate a difference in Laplace pressure. As illustrated in Fig. 4b,
a spindle-knot can be thought of as two oppositely curved and joined
conical objects (inset of Fig. 4b). Such a conical shape with a cur-
vature gradient will give rise to a difference in Laplace pressure (AP)
acting on a water drop'%:

53 2,}) )
AP = —J ——— sinfidz (3)
n (T + RO)
where 7 is the local radius, R is the drop radius (R, = (3 Va3,
with Vthe drop volume), f3 is the half apex-angle of the spindle-knot,
and z is the integrating variable along the diameter of the spindle-
knot. The Laplace pressure on the high curvature site (the joint with
local radius r) is larger than that on the low-curvature site (the
spindle-knot with local radius r,) because | is smaller than r,, and
the resultant non-equilibrium Laplace pressure difference within a
water drop will propel the drop to move from the joint to the spindle-
knot. The overall result is that the surface energy gradient arising
from the anisotropic surface structures and the difference in
Laplace pressure arising from the conical spindle-knot geometry
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act cooperatively to drive condensing and growing water drops from
the joint to the spindle-knot (Fig. 4b).

We observe water drops with diameters of 5-20 pim move until they
coalesce and are collected on a spindle-knot (Supplementary Fig. 2).
We note that the movement of sub-millimetre-sized liquid drops
driven by either surface energy gradients™ or by differences in
Laplace pressure'® has been realized before. But either driving force
on its own has not yet been shown to move smaller drops with dia-
meters on the micrometre scale, where contact hysteresis effects are
increasingly important (see also Supplementary Discussion regarding
minimum drop size). This makes it particularly interesting that the
unique structural features of wet-rebuilt spider silk enable forces
arising from Laplace pressure differences and from surface energy
gradients to combine so that hysteresis effects can be overcome and
micrometre-sized water drops moved. Once the anisotropic structural
features are damaged, spider silk fibres are no longer capable of
directional water collection (Supplementary Figs 5-8).

In addition to enabling cooperation between two different driving
forces, the structure of wet-rebuilt spider silk also optimizes hysteresis
effects so as to favour the directional movement of water drops from
joints to spindle-knots. These two regions have the same chemical
composition, but different surface topographies that affect the spread-
ing and movement of water drops. More specifically, a water drop will
spread or move more readily along the parallel direction of an aligned
surface topography than along a surface with a randomly rough topo-
graphy”> . This is because the vapour-liquid—solid three-phase con-
tactline (TCL) is continuous along the parallel direction of the surface
with aligned topography and discontinuous on the randomly rough
topography, with a continuous TCL allowing smooth spreading or
moving of a liquid whereas a discontinuous TCL gives rise to more
pronounced hysteresis effects">>”. The joints in wet-rebuilt spider
silk are comprised of relatively aligned nanofibrils that give rise to a
fairly continuous TCL along the silk fibre axis, whereas the spindle-
knots are comprised of random nanofibrils that cause the TCL to be
discontinuous. Water drops moving along joints therefore experience

Joint

a Spindle-knot

100 pm

Figure 5 | Artificial spider silk that mimics the structure and water
collection capability of natural spider silk. a, Optical image of spindle-knot/
joint structure with periodicity of 394.6 = 16.1 pm. b—d, SEM images of a
spindle-knot (b), a stretched porous structure on the joint (¢) and a random
porous structure on the spindle-knot (d). e—j, Directional water collection
on artificial spider silk. When the artificial spider silk is in mist at 0 s, tiny
water drops randomly condense on the artificial spider silk at 7.708 s (e), and
then directionally move from joint to spindle-knot with the volume
increasing from 7.955 s to 8.717 s (f-j).
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less hysteresis than those moving along spindle-knots, and this differ-
ence will further aid the movement of water drops from the joint to the
spindle-knot.

Guided by the detailed mechanistic insights into directional water
collection on spider silk gained in this study, we designed and fabri-
cated artificial fibres that mimic the structural features of wet-rebuilt
spider silk (see Supplementary Information for details). The optical
image of this artificial spider silk (Fig. 5a) shows periodic spindle-
knots that resemble those of the wetted spider silk and have a peri-
odicity of 394.6 = 16.1 pm. Spindle-knots and joints have diameters
of 43.7 = 5.4 pm and 13.5 = 0.7 pm (Fig. 5b), respectively, and their
microstructures are similar to those seen in wetted spider silk: the
artificial joints have a stretched porous structure mimicking aligned
nanofibrils (Fig. 5¢), and the artificial spindle-knots exhibit random
porous surface structures (Fig. 5d). The functional performance of
the material is illustrated by the series of images in Fig. 5e—j. These
show that when exposed to mist, small drops start to condense
randomly on the artificial spider silk (Fig. 5e); and as the drop
volume increases (Fig. 5f), water drops located on joints move
towards spindle-knots (Fig. 5¢—j). These observations clearly show
that our artificial spider silk not only mimics the structure of wet-
rebuilt spider silk but also its directional water collection capability.
We therefore anticipate that the design principles uncovered and
implemented in this study will aid the development of functional
fibres for use in water collection and in liquid aerosols filtering in
manufacturing processes.
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