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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. 3c, e). That is, the spindle-knot is more hydrophilic and has a
higher apparent surface energy than the joint24 (see also Fig. 4b). The
force generated by a surface energy gradient that arises from a difference in surface roughness is given by7,8:
ð Lk
c ( cos hA { cos hR ) dl
ð2Þ
F~
Lj

where c is the surface tension of water, hA and hR are the advancing
and receding angles of water drop on spider silk (hA ,hR , according
to equation (1)), respectively, and dl is the integrating variable along
the length from the joint (Lj) to the spindle-knot (Lk). 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 movement 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 curvature gradient will give rise to a difference in Laplace pressure (DP)
acting on a water drop10:
ð r2
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2 sin b dz
r1 (rzR0 )

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 mm 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 gradients7–9 or by differences in
Laplace pressure10 has been realized before. But either driving force
on its own has not yet been shown to move smaller drops with diameters 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 spreading 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 topography25–27. This is because the vapour–liquid–solid three-phase contact line (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 effects1,25–27. 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 spindleknots are comprised of random nanofibrils that cause the TCL to be
discontinuous. Water drops moving along joints therefore experience
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where r is the local radius, R0 is the drop radius (R0 5 (3V/4p) ,
with V the drop volume), b is the half apex-angle of the spindle-knot,
and z is the integrating variable along the diameter of the spindleknot. The Laplace pressure on the high curvature site (the joint with
local radius r1) is larger than that on the low-curvature site (the
spindle-knot with local radius r2) because r1 is smaller than r2, and
the resultant non-equilibrium Laplace pressure difference within a
water drop will propel the drop to move from the joint to the spindleknot. 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

100 µm

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 6 16.1 mm. b–d, SEM images of a
spindle-knot (b), a stretched porous structure on the joint (c) 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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