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Spontaneous Directional Self-Cleaning on the Feathers of
the Aquatic Bird Anser cygnoides domesticus Induced by a

Transient Superhydrophilicity

Kang Luan, Meijin He, Bojie Xu, Pengwei Wang, Jiajia Zhou, Binbin Hu,* Lei Jiang,

and Huan Liu*

In nature, the feathers of the goose Anser cygnoides domesticus stay superhy-
drophobic over a long term, thought as the main reason for keeping the surface
clean. However, contaminants, especially those that are oleophilic or trapped
within textures, cannot be removed off the superhydrophobic feathers spontane-
ously. Here, a different self-cleaning strategy based on superhydrophilic feathers
is revealed that is imparted by self-coating of the amphiphilic saliva, which
enables removing away low-surface-tension and/or small-size contaminants

by forming directional water sheeting depending on their unique anisotropic
microstructures. Particularly, the surface superhydrophilicity is switchable to
superhydrophobicity upon exposure to air for maintaining a clean surface for a
long time, which is further enhanced by coating with self-secreted preening oil.
By alternate switching between a transient superhydrophilicity and a long-term
stable superhydrophobicity, the goose feathers exhibit an integrated smart
self-cleaning strategy, which is also shared by other aquatic birds. An attrac-

tive point is the re-entrant structure of the feathers, which facilitates not only
liquid spreading on superhydrophilic feathers, but also long-term stability of the

cleaned surface by shedding water droplets off the superhydrophobicity feathers.

Thus, artificial self-cleaning microtextures are developed. The result renews the
common knowledge on the self-cleaning of aquatic bird feathers, offering inspi-
ration for developing bioinspired self-cleaning microtextures and coatings.

despite living in a pond with silt; mos-
quito eyes stay self-cleaning against
moisture; self-cleaning cicada wings con-
tribute to the long-time maintaining of
its antireflection nature.l!l Water droplets
easily roll off the superhydrophobic sur-
faces to carry away the dirt particles and
other impurities.!) Drawing inspirations,
various artificial self-cleaning surfaces
have been developed in the past decade by
combining the highly textured roughness
and the low surface free energyld Self-
cleaning on the superhydrophobic surface
enjoys advantages of long-time stability,
however, is limited by both the size and
the polarity of the dirty particles, and will
be severely impaired when dirty particles
are able to penetrate into the surface tex-
tures and/or damage the surface hydro-
phobicity.?] Also, the superhydrophobic
surfaces do not warrant self-cleaning
and anticontamination capabilities at
sub-micrometric length scales.! On the
other hand, superhydrophilic surfaces
are capable of removing away the dirty
particles either trapped within textures

1. Introduction

In nature, self-cleaning is an unique ability shared by many
organisms, especially those living in the highly humid envi-
ronment, which are mostly imparted by the superhydrophobic
surfaces.l!! For example, lotus leaves keep long time cleaning

or with low surface energy by forming the water sheeting.l’!
For example, the fish skin keeps from being contaminated by
oils underwater.®d The notable drawback for the self-cleaning
superhydrophilicity surface is its poor stability as it can be
easily contaminated. Thus, it is desirable for a self-cleaning
surface to bear the advantageous of both superhydrophilic and

K. Luan, Dr. M. He, Dr. B. Xu, Dr. P. Wang, Prof. |. Zhou, Prof. L. Jiang,
Prof. H. Liu

Key Laboratory of Bio-Inspired Smart Interfacial Science and
Technology of Ministry of Education

School of Chemistry

Beijing Advanced Innovation Center for Biomedical Engineering
Beihang University

Beijing 100191, P. R. China

E-mail: liuh@buaa.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202010634.

DOI: 10.1002/adfm.202010634

Adv. Funct. Mater. 2021, 31, 2010634

2010634 (1 of 9)

K. Luan, Prof. B. Hu

Key Laboratory for Special Functional Materials of Ministry of Education
National & Local Joint Engineering Research Center for High-efficiency
Display and Lighting Technology

School of Materials Science and Engineering

Collaborative Innovation Center of Nano Functional Materials

and Applications

Henan University

Kaifeng 475001, P. R. China

E-mail: hbb@henu.edu.cn

Prof. L. Jiang

CAS Key Laboratory of Bio-inspired Materials and Interfacial Science
Technical Institute of Physics and Chemistry

Chinese Academy of Sciences

Beijing 100190, P. R. China

© 2021 Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202010634&domain=pdf&date_stamp=2021-04-18

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

superhydrophobic surfaces mentioned above, which remains
unsolved so far.

For a long time, the superhydrophobic feathers of the goose,
aroused by its highly textured structures and the self-repair-
able surface coating of the preening oil, have been considered
as the main reason for keeping feathers clean.®”] However,
contaminants, especially oleophilic ones or those with small
size that can be trapped within textures, cannot be removed
off the superhydrophobic feathers spontaneously. Here, we
revealed a smart superhydrophilicity induced self-cleaning
strategy of the goose feathers, which proceeds spontaneously
and directionally to remove away both oleophilic and small
size contaminants. The surface superhydrophilicity, imparted
by self-coating of the amphiphilic saliva, is responsible for a
complete self-cleaning by forming the water sheeting. Upon
exposing in air, the feather turns into a superhydrophobic state
to maintain a long time durability of the cleaned surface by
shedding off water droplets. Notably, liquids on the anisotropic
structured feathers are liable to transport directionally, based on
which various kinds of contaminants can be expelled away in
a preferred direction. We also demonstrated that such sponta-
neous directional self-cleaning is applicable to feathers of other
aquatic birds and bioinspired artificial surfaces.

2. Results and Discussion

Combing feather using bill is a frequent motion for the aquatic
bird such as the goose (Anser cygnoides domesticus) (Figure 1a),
by which process not only the messed feathers can be adjusted
into the ordered structures for repairing the tear resistance,®
but also the self-secreted preening oils (Figure 1a, the left inset)
are coated on the feather for maintaining the long-term stable
superhydrophobicity (Figure 1b).l In case the surface lipids
were damaged, the superhydrophobicity of the feather would
be impaired, and can be recovered by artificial coating a thin
layer of the preening oil, as has been confirmed experimentally
(Figure S1, Supporting Information). Besides the preening oils,
the saliva, another important secretion of the aquatic bird, is
also able to be coated on the feathers during combing feathers,
which however has been neglected for a long time.

We demonstrated that the saliva (Figure 1a, the right inset)
is capable of altering the surface wettability drastically into a
superhydrophilic state by forming the surface coating when the
goose comb feather using bill (Figure 1c, 3.96 s). The saliva is
a typical liquid mixture containing large amount of water and
small amount of proteins. The proteins have both hydrophobic
and hydrophilic amino acid side chains,! thus they can work
as surfactants to facilitate the water spreading on the superhy-
drophobic feather. The hydrophobic amino acid side chains are
liable to be adsorbed on the hydrophobic feather, leaving hydro-
philic amino acid chains exposed to air.* By self-coating the
saliva during combing feathers, the feather shows superhydro-
philicity (Figure 1c, 3.96 s), which is transient and can gradually
turn back to the superhydrophobic state when exposed to air
(Figure 1c, 118 min). Such superhydrophobicity of the feather
is self-repairable with a good durability in air, which is attrib-
utable to the self-coating of the preening o0il.l! As shown in
Figure 1d, a single feather on goose wings is about 15-20 cm
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in length, composing a main shaft (rachis and calamus) and
a vane in which feather barbs branch from the shaft.®#1% The
single feather barb is =4-5 cm in length and =800 pm in width
(Figure 1e), showing a typical asymmetric microstructure on
both sides. Notably, the water transport directionally on the
superhydrophilic feather from the shaft side to the edge side in
a preferred direction B, while was pinned in the opposite direc-
tion A (Figure 1f; Movie S1, Supporting Information). Such
directional liquid transport on the superhydrophilic feather
leads to a desirable directional self-cleaning behavior, by which
containments including low-surface-tension liquids, small
particles trapped within textures, and sub-micrometric liquid
droplets can be expelled away from the feather (Figure 1g).
These contaminants are difficult to be removed from the supe-
rhydrophobic feathers (Figure 1h), as has been revealed very
recently.>¥ The superhydrophobic state of the feathers also
contribute to the removing contaminants of big size, but more
importantly it is responsible for the long-time maintaining of
the surface clean (Figure 1h). Therefore, by alternate utilizing
both a transient superhydrophilicity and long-term stable supe-
rhydrophobicity, the goose feathers show a rather smart self-
cleaning strategy.

The directional self-cleaning behavior on the superhydro-
philic goose feather was in situ visualized by the directional
expulsion away of the pre-spread silicone oil contaminants
using directional water flow. By staining the water and silicone
oil with Rhodamine B (dark-red-color) and Coumarin 6 (light-
green-color), respectively, the trace of liquid transport was
visualized by both the optical (Figure 2a) and the fluorescence
(Figure 2b; Movie S2, Supporting Information) microscopes. At
the beginning, the superhydrophilic feather was partially con-
taminated by the silicone oil (Figure 2a,b, 0 s). Upon dropping
on the dry area, water would immediately transport direction-
ally along direction B (Figure 2a, 0.44 s, Figure 2b, 0.52 s). Once
the front edge of the water film (blue arrow) met with the edge
of the oil (yellow arrow), the water would propel the oil moving
directionally, and consequently remove the silicone oil away the
feather from the open-end (Figure 2a, 17.28 s, Figure 2b, 3.12 s).
Moreover, theoretical analysis based on the minimization of the
system’s free energy were conducted. Here, the total interfacial
energies of feather that are completely wetted by either the low-
surface-tension liquid (liquid A) of silicone oil (E4) or the high-
surface-tension liquid (liquid B) of water (Ep) were calculated
(Figure 2c). Considering that the feather was preferentially
wetted by water, AE = E, — Eg = R()4c0S O — 74,08 ) + YA — %
must be greater than zero (Supplementary text 1). It suggested
that the replacement of oils by water on the superhydrophilic
feather is an energy favorable process.!'!l Taken together, we
revealed a superhydrophilicity-induced directional self-cleaning
strategy on the goose feather.

To explore the liquid transport behavior on the fibrous
feather, the microstructure of the feather was characterized in
detail. As shown, the feather vane was composed of numerous
over-lapped feather barbs, and each barb is composed of both
grooved barbules and hooked barbules (Figure 3a), as has
been reported.®1%12l Considering the similar liquid transport
behavior shared on both grooved and hooked barbules, as
well as the similar structure, here we focused on the grooved
barbules which is =275 um in width. The grooved barbules

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(b)

Feather coated with The saliva

Superhydrophobic

(c) 0s ' 0.04s

=

wetted feather

air

preening oil

~ mp

. 0.72s - 39s - 118 min
=) =

air air

el
Superhydrophilic Superhydrophobicl

Edge side

Feather barb A — B

Superhydrophilicity induced self-cleaning

Directional

liquid transport ® Thorough self-cleaning;

® Poor stability in air.

@ A Contaminants with big size ®A Contaminants with small size

Feather 2 (@
Vane §
e
Feather —
Shaft s
(Rachis) 3
2
\l—
=
£
&
Feather 2
Shaft U3
y (Calamus) E¥-
F o
1 2cm §

(h) Superhydrophobicity induced self-cleaning

., Rolling ® Re-entrant structures:
. direction stable superhydrophobicity;
® Contaminants trapped can
not be cleaned.

(f) Waterg 0s A—>B 500 pm
éé ~0.04s¢Bo ; >

LA 1085 Y

* A, 044 B
» et

Figure 1. The transient superhydrophilic feather of the goose (Anser cygnoides domesticus) imparted by surface coating of its saliva, and the as-generated
directional self-cleaning strategy. a,b) The goose feather stay long-time superhydrophobic due to the highly textured structures and the surface coating
of the self-secreted preening oil (inset). c) By coating its saliva during combing feathers, the feather shows a superhydrophilic state, then gradually
turns back to the original superhydrophobic state upon exposing to air. The optical picture of d) a single goose feather with a length of =20 cm, and
e) a single feather barb with the length =4.5 cm and the width of =800 um. f) The directional liquid transport of water (0.2 ) on a single feather barb

with a preferred direction B. g) The schematic cartoon of self-cleaning on

a superhydrophilic surface, which is capable of removing contaminants both

oleophilic or trapped within textures. h) The schematic cartoon of self-cleaning on a superhydrophobic surface, which is stable in air but unable to

remove particles trapped within textures.

show curved laminas structures with dorsally curved margins,
forming a typical half-closed concave-shaped microchannels
with width of =20 um by overlapping with the neighboring bar-
bules (Figure 3b). Typically, there are two kinds of wedge-like
structures in each microchannel: a half meniscus wedge-like
corner with a constant angle ¢ of =10° at the overlapping part
between two neighboring burbles (Figure 3c); a 3D-gradient
wedge-like corner with a changeable angle 3 depending on the
local position between the barb and the burble (Figure 3d,e).
X-ray microcomputed tomography (Micro-XCT) characteri-
zation directly shown the cross sections of the angle f at dif-
ferent position, and the value increased gradually from =0°,
11°, 14°, 21° to 29° in direction B, corresponding to the position

1, 2, 3, 4, and 5 in Figure 3e (Figure 3d,—ds; Movie S3, Sup-
porting Information). To be noticed, the ¢ is located beneath
the B and the distance Ah decreases with the increase of value
of f (Figure 3d;—ds). Particularly, liquid transport on the supe-
rhydrophilic feather prefers the direction from the small angle
side to the big angle side along a gradient corner f, which is
a rather smart design for easy removing away the contami-
nant (Figure 3e). Such directional liquid transport differs
from that on the peristome surface of Nepenthes alata, where
liquid is liable to transport to the closing-side of the wedge.!!*]
To be noticed, the re-entrant structural nature of the feather,
characterized by the curved margin of each individual bar-
bule (Figure 3f), facilitate both the liquid spreading on the
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Figure 2. Directional self-cleaning behavior on the superhydrophilic feather of the goose (Anser cygnoides domesticus). a,b) The dynamic process of the
directional self-cleaning where the water can easily drive away the spread oil with a preferred direction B, observed by the a) optical and b) fluorescence
microscope. The water and silicone oil were colored with Rhodamine B and Coumarin 6, respectively. c¢) The schematic cartoon and the theoretical
analysis based on the minimization of a system’s free energy, indicating an energy favorable process of the spontaneous self-cleaning process.

superhydrophilic feathersi™ and the water droplets shedding
off the superhydrophobicity feathers.™ As schematically shown
in Figure 3g, the unique two-level anisotropic microstructures
of the feather was characterized by the alternate wedge « and
[ along the feather barb, by which the directional liquid trans-
port proceeds programmably with reaching to each corners and
being drained off finally. Here, the optimized short-distance
liquid transport along the 3D-gradient wedge f determines the
direction; while the long-distance liquid transport was enabled
by the wedge o

The directional liquid transport is the key for the direc-
tional self-cleaning behavior, and its dynamic process on the
feather was in-situ characterized using a high speed CCD. As
shown, upon being dropped on fibrous feather, liquid will
immediately transport in a preferred direction B, while being
pinned in direction A (Figure 4a). In direction A, liquid can
hardly enter the next microchannel after it fills the micro-
channel where the liquid was released (Figure 4b), which is
attributable to the edge-pinning effect at one end of the angle
B (Figure 4c) according to the Gibbs inequality.’® Such edge-
pining can be directly confirmed by visualizing the tri-phase
contact lines wupon solidifying the polydimethylsiloxane
(PDMS, Figure 4d). In direction B, ultrafast liquid transport
was observed (Figure 4e-h). Specifically, the liquid first trans-
port within certain microchannel along a preferred direction
(the dashed black arrow, Figure 4h, with the trace from point 1
to 1/, 17 and then 1” (write arrows, Figure 4h, from point 2 to
2’, and 2” (green arrows, Figure 4h, which is attributable to the
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capillary rise imparted by the corner effect”] along the wedge
o. When the microchannel was filled to an extent that its
liquid level exceeds the top of the tiny opening end of the angle
B, liquid will enter into the next microchannel in direction B,
i.e., point 2 (Figure 4e-h), since the position of the angle « is
below the tiny opening end of the angle . Here, the velocity of
water transport within each microchannel (V;, =10.02 mm s™)
is about 4 times faster than that across the microchannel (V,,
=2.53 mm s7), which is attributable to a clearly longer L, along
the angle & (10°) comparing with L, along the angle . A rather
long spreading precursor film was clearly observed along the
corner ¢ in the concave shaped microchannel (Figure 4f),
which is favorable for the liquid transport.'®! By repeating this
process, long-distance directional water transport was enabled
on the feathers, which leads to the directional self-cleaning.
Particularly, the typical concave-shaped re-entrant structures
of the feathers further facilitates liquid spreading on it, which
means the liquid spreading on the re-entrant surface is liable
to be driven away by another liquid. Moreover, such direc-
tional self-cleaning proceed only on the anisotropic structured
feathers, but not on the smooth superhydrophilic surface
(Figure S2, Supporting Information), which is attributable to
the ability of the directional flow in removing contaminants
out of the targeted substrate horizontally. With no preferred
direction, water and oil would merge together and form bilayer
liquids on the smooth surface, with no oil expulsion off the
substrate in-plane (Figure S2, Supporting Information).
Therefore, both transient superhydrophilicity and anisotropic

© 2021 Wiley-VCH GmbH
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Figure 3. The microstructure of a single feather barb of the goose (Anser cygnoides domesticus). a) The feather is composed of the grooved barbules
and the hooked barbules, distributing with certain tilt angle to the barb. b) For the grooved barbules, overlapped barbules forms microchannels with
a width of =20 um. Two kinds of wedge angles are distinguishable: a half meniscus tiny angle « and gradient wedge angle f. The arrow B indicates
the liquid transport direction. c) SEM and Micro-XCT characterization of the cross section of the grooved barbule. d) The angle fincreases gradually
depending on the position from position 1to 5. Moreover, the tiny opening end of angle §is always higher than angle ¢, and the Ah decreases with
increasing the angle f. ) The angle fincreases gradually from =0° to =29° in direction B. The error bars indicate standard deviations from at least five
independent measurements. f) The side-view of the grooved barbule shows the angle o of =10° formed by overlapping grooved barbules, where the
microchannel is concave shaped with curved margin (red dashed line, 7). g) The schematic cartoon of the microstructures of the grooved barbules.

structure contribute to the directional self-cleaning of the
goose feathers.

To further confirm that the unique two-level anisotropic
microstructures of the feather is the key for the directional
liquid transport, various liquids were investigated on both
superhydrophobic and as-treated superhydrophilic feather. As
summarize in Table 1 almost all liquids with surface tensions
ranging from 9.5 dyn cm™ for FC-72 to 72.8 dyn cm™! for water
show clear directional liquid transport behaviors on the superhy-
drophilic feather. Typically, the transport velocity for liquid of 1,
2-dichloroethane reaches an average value of =6.74 mm s~ with
an instantaneous fastest velocity up to 23.37 mm s~ (Figure S3,
Supporting Information). For the superhydrophobic feathers,
only the wettable liquids with the surface tension smaller than
3770 dyn cm™ can transport. Specifically, the directional trans-
port of the liquid formic acid (surface tension of 377 dyn cm™)
was observed only on the as-treated superhydrophilic feather,
not on the superhydrophobic feather because of the partial
wetting (Figure S4, Supporting Information). Considering the
directional self-cleaning behavior of the feather, it was proposed
that the directional transport of high surface energy liquid B
(water) is capable of propelling liquids with lower surface
energy A (oils) moving in a preferred direction.

Adv. Funct. Mater. 2021, 31, 2010634
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Inspired by both the superhydrophilicity imparted by the
surface coating of its saliva and the unique anisotropic struc-
tures of the nature feather, the artificial feather was pre-
pared by 3D printing, whose surface was treated into super-
hydrophilic with oxygen plasma (Figure 5). It clearly shows
two typical structural characterizations of the natural feather
(Figure 5a): the short microwedge f with a 3D gradient; and
the long microwedge o with a fixed small corner (Figure 5b,c).
The water on the superhydrophilic artificial feather transport
via direction B but was almost pinned on the opposite direc-
tion (Figure 5d; Movie S4, Supporting Information). When
oil droplets (colored into blue) were dispersed on the artificial
feather, the subsequent unidirectional water (colored into red)
transport can propel the oil off the substrate in a preferred
direction, exhibiting a spontaneous directional self-cleaning
behavior (Figure 5e; Movie S5, Supporting Information). Par-
ticularly, the superhydrophilicity on the bioinspired substrate
is hierarchical ordered, attributable to the structural induced
programmable capillary rise. Liquid is liable to transport firstly
in the micro sub-channels (direction B’, Figure 5d, and then
move into the next sub-channel in direction B (Figure 5d).
More importantly, such concept is application for the large-
scale fabrication of the artificial self-cleaning microtextures

© 2021 Wiley-VCH GmbH
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Figure 4. The in situ observation of the directional liquid transport on a single feather. a) Water on the feather transported directionally along direction B
(the green frame), while was pinned in the opposite direction A (the blue frame). b—d) Liquid cannot transport in direction A imparted by the edge pinning
effect, where the water boundary coinciding with the edge of the small angle side of j, as indicated by both ¢) schematic cartoon and d) the pinning edge
on a feather by solidification of PDMS. e-h) Liquid is liable to transport in direction B, as indicated by both h) the optical picture and e,g) the schematic
cartoons. The moving trace was indicated by the colored arrows 1and 2 within the same microchannel, respectively. Liquid first transport within the same
microchannel at speed V;, and overflows to generate the upper liquid layer to enter into the next microchannel in direction B at speed V,. Here, V; > V,.
f) The spreading edge on a feather by solidification of PDMS. The tri-phase contacted line in the microchannels marked with a yellow dotted lines.

Table 1. The directional liquid transport behavior of various liquids with different surface tension: “o” indicates the feasible directional liquid trans-
port and “x” means no directional liquid transport.

Liquid Surface tension [dyn cm™)] Directional liquid transport
Superhydrophobic feather As-treated superhydrophilic feather

Perfluorohexane (FC-72) 9.5 o o
Octane 216 o o
Acetone 24.02 e} o
Acetonitrile 27.2 o o
1,2-Dichloromethane 326 o o
Formic acid 37.7 X o
Dimethyl sulfoxide 43.6 X o
Ethanediol 48.4 X o
Formamide 57.4 X el
Glycerin 63.3 X o
Water 72.8 X o

Adv. Funct. Mater. 2021, 31, 2010634 2010634 (6 of 9) © 2021 Wiley-VCH GmbH
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Figure 5. The bioinspired artificial feather shows typical spontaneous directional self-cleaning behavior. B indicates the preferred direction for liquids
transport. a) SEM image of a natural goose feather. b,c) SEM images of the bioinspired artificial feather with different magnification, showing the
similar anisotropic microstructures with that of the nature goose feather. d) The directional water transport on the artificial feather. e) The directional
self-cleaning on the artificial feather, where the oil contaminants (colored into blue) was driven away from the substrate in a preferred direction by
directional water flow, as indicated by the blue arrows. f) The directional water liquid transport on the bioinspired large-scale substrate. g) The direc-
tional self-cleaning on the bioinspired substrate. As a consequence of the directional water transport (red color), the pre-released oil (blue color) was

driven away directionally off the substrate, as indicated by the blue arrows.

and coatings, by duplicating the feather structure in a substrate
orderly. As shown, the water is liable to transport within each
feather-like millimeter scale channel (e.g., C-1, -2, -3, -4, and
-5, Figure 5f, depending on the location of water releasing,
consequently reaching each corners within the channel in a
preferred direction. Of note is that the oil contaminants can
be driven away from the substrate even it was released on the
center area. As a consequence of the directional transport of
water (red color), the pre-released oil (blue color) was driven
away directionally off the substrate (indicated by blue arrows
in Figure 5g, showing typical spontaneous directional self-
cleaning behavior. Thus, we demonstrated that the concept
is applicable for developing artificial self-cleaning materials

Adv. Funct. Mater. 2021, 31, 2010634
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by using technique of 3D printing, which inspires innovative
directional self-cleaning microtextures and coatings.

3. Conclusion

In conclusion, we reveal that the feathers of the aquatic bird
Anser cygnoides domesticus bear strategy of directional self-
cleaning by taking advantageous of both the unique transient
superhydrophilicity imparted by the surface coating of its saliva
and the unique open-ended anisotropic structures. Conse-
quently, the contaminant oils can be driven away by water in a
preferred direction, which differs from the general thinking on

© 2021 Wiley-VCH GmbH
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self-cleaning of a superhydrophobic feather. The feather dem-
onstrates a delicate fibrous system that is characterized by the
periodically alternate two-level of anisotropic microscale wedge
structures. The asymmetrical angle S control the direction and
the angle « carry the liquid transport over a long distance. By
the periodically alternate repeating of two kinds of capillary
rise with different effective length, wetting liquids are capable
of transport directionally on both biological feathers and bioin-
spired artificial fibers. We also confirmed that the directional
liquid transport was also observed on both the hooked barbules
of the goose feather (Figures S5 and S6 and Movie S6, Sup-
porting Information) and feathers of the swan Cygnus cygnus
and the egret Egretta garzetta garzetta (Figure S7, Supporting
Information), since they share the similar two-level anisotropic
microstructures. We envision that such programmable capil-
lary rises will offer a new concept for developing self-cleaning
microtextures and coatings with diverse controllable liquid
transport behaviors.

4. Experimental Section

Sample Preparation: The natural goose feathers were collected from
the goose (Anser cygnoides domesticus) which are commercially available
in Beijing China. The feathers of the swan Cygnus cygnus and the egret
Egretta garzetta garzetta were collected in the Zhengzhou Zoo (China).
The feathers were cleaned by alcohol and acetone in ultrasonic cleaning
instrument in sequence before use. The liquids used including octane,
acetone, acetonitrile, 1. 2-dichloroethane, formic acid, dimethyl sulfoxide,
ethylene glycol, formamide, and glycerol were from Beijing Chemical
works, and the perfluorohexane (FC-72) was from the 3M company.

Removing of the Lipids from the Feather Surface and Recoating of
the Preening Oil: The alkaline solution (pH = 12.65) was prepared
using sodium hydroxide, heat to 70 °C. The goose feathers was
immersed into the solution for 4 h, then was rinsed with alcohol for
surface cleaning. By such treatment, the surface lipids was removed,
resulting a drastic decreasing of the water CA. The preening oil
collected from the goose (Anser cygnoides domesticus) was then
coated onto the feathers, which leads to the increasing of the water
CA on the feathers.

The Observation of the Unidirectional Liquid Transport: The directional
liquid transport on natural fibrous feather was observed and recorded by
the contact-angle system (Dataphysics OCA25, Germany), camera (Canon
750D, Japan), and optical microscopy (Olympus. BX 53, Japan). For
visualized the process, the Rhodamine B was added in the liquid as dying.

Characterization: Scanning electron microscopy (Desktop scanning
electron microscopy, Phenom Pro, Holland) was used to characterize
the surface microstructures at an accelerating voltage of 5-10 kV. The
sample stages were adjusted by tilt angles ranging from 0° to 90° for
3D observation. High-resolution X-ray microcomputed tomography
(Micro-XCT 200 Zeiss) was used to investigate the spatial structure
of the feathers. The test parameter is voltage of 80 kV, power of 7 kW,
exposure time of 10 s, the whole test process at room temperature and
atmospheric pressure.

Fabrication of Artificial Feather: The artificial feather with a dimension
of 20 mm x 200 mm was designed by 3Ds Max Software (Autodesk).
The width of the channels is =800 um. The long microwedge « and the
short microwedge f3 was the same as that of the natural goose feather.
Then the artificial feather was printed using commercially available
Visijet M3 Crystal material- a photocurable dielectric resin on Projet 3510
HD 3D printer. The printing process was performed at a resolution of
25 um. Then the as-printed parts were developed in ethanol for 5 min to
remove uncured resin. Irradiation under a UV light with a wavelength of
315 nm for 10 minutes at room temperature was conducted to increase
the mechanical strength of the artificial feather.

Adv. Funct. Mater. 2021, 31, 2010634
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Supplementary Text 1: Theoretical analysis based on the minimization of a system’s free

energy.

In order to confirm that the high-surface-tension liquid is capable of replacing low-surface-
tension liquid, the free energy of two systems where the textured feather was completely wetted
by both high- and low-surface-tension liquids were calculated. Configuration A and B refer to
the states where the fibrous feather is completely wetted by low surface tension liquid (A) and
high surface tension liquid (B), respectively.

In order to find the condition that the energy state of the Configuration A is higher than
the Configuration B, it must have Ea - Eg > 0, which can be further expressed as,

AE =E; —Eg =R(Ysa—Vsg) +Ya—Vs >0 (Equation S1)

In particular, Supplementary Equation 1 is reduced to measurable quantities with the use

of the Young equation (for example, Joanna Aizenberg et al., Nature, 2015, 519, 70), where we

have,
AE = R(ygcosOg —y,c080,) + Y4 —Vys >0 (Equation S2)
Where y, and yp are the surface tensions for the liquid to be repelled and the infused liquid,
respectively, ysgp is the interfacial tension of the solid-liquid interface, 6a and g are the
equilibrium CAs of the liquids on a flat feather, respectively. R represents the roughness factor
of the feather, which is defined as the ratio between the actual and projected areas of the surface.

The value of the roughness for the feather fiber is estimated to be 2 (Wong, T. S. et al., Nature

2011, 477, 443) and the calculation indicates that Ea - Es > 0 is true, which is consistent with

the experimental results. Moreover, we also made similar conclusion on the solidified PDMS

surface: the liquid with high-surface-tension can drive off the liquid with low-surface-tension.
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147.5° 116.3° 136.1°

Fresh feather Removing the preening oil Re-coating the preening oil
Superhydrophobic Hydrophyobic Superhydrophobic

Figure S1. The water contact angle (WCA) on the feather with different treatment. The fresh
feather shows high WCA of ca. 147.5° exhibiting a typical superhydrophobic state. After
removing the surface lipids by NaOH treatment, the WCA decreases drastically to ca. 116.3°,
indicating a severely impaired superhydrophobicity. When the preening oil was artificially

coated on the feather, the surface superhydrophobicity was recovered with a WCA of ca. 136.1°.

Smooth superhydrophilic surface: water is unable to propel the pre-spread oil moving on the substrate

= ES

(a) R (b) ged (c)

Merged
region

Figure S2. On a smooth superhydrophilic surface, the water and the pre-spread oil would merge

together and form bilayer liquids, with no oil expulsion off the substrate in-plane.
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Figure S3. The directional transport of 1, 2-dichloromethane on the grooved barbules side with

an average velocity of ~ 6.74 mm s’ and an instantaneous fastest velocity of 23.37 mm s°!.

Figure S4. The status of liquid droplets with different surface tension on the natural feather.
The surface tension of the liquid decrease successively from left to right. Particularly, dimethyl

sulfoxide (43.6 dyn cm™) and formic acid (37.7 dyn cm™") can wet the feather without spreading.
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(a) 1,2-Dichloroethane (b) ° Water
- A———>B 500 ym o A———>B 500 pm

Figure S5. The directional transport of liquids with different surface tensions on the hooked
barbules side of the feather. (a) the directional transport of 1, 2- dichloroethane (0.2 pl). (b) the

directional transport of water (0.2 pl) in a rather fast velocity on a superhydrophilic feather.

Direction: V,
Velocity: V,

Mode: V,-V,-V,-V,

Figure S6. Micro-structure of the hooked barbules. (a, ¢) Micro-channels are formed by
overlapped barbules, showing two kinds of wedge angle: the gradient angle & and the fixed
angle ¢. The cross sections at different location of angle & show that the value of angle &
increases from 0° to approximately 31° in direction B, as shown in a;-as. The schematic cartoon
of the microstructures of the hook barbules was shown in a;. Typically, the opening end of
angle @ is higher than the angle ¢ , and the A4’ gradually decreases with the increase of the
value of angle 6. (b) The side-view of hook barbules shows the tiny angle ¢ ca. 13°.
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Figure S7. The micro-structures of the feather of the aquatic bird of (a) the swan Cygnus cygnus
and (b) the egret Egretta garzetta garzetta, which show very similar structural characteristic
with that of the goose feather. (a3, bs) After being wetted by their own saliva, the unique
directional transport of water on it were observed on both feathers, by which the directional

self-cleaning can be realized.
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Movie S1.
The typical directional water transport on the grooved barbule side of the feather after being

wetted by its saliva.

Movie S2.
Directional self-cleaning behavior on the superhydrophilic goose feather, where the water can

easily drive away the pre-spread oil in a preferred direction.

Movie S3.

The cross section and 3D views of the feather obtained by X-ray micro-computed tomography.

Movie S4.
The directional water transport on both the bio-inspired artificial feather and the large-scale

substrate (the water was stained into the red color).

Movie SS.
The directional self-cleaning on both the bio-inspired artificial feather and the large-scale
substrate, where the oil contaminants (stained into the red color for easy observation) was

driven away from the substrate in a preferred direction, as arrows indicated.

Movie S6.
The typical directional transport of 1.2-dichloroethane and water on the hooked barbule side of

the goose feather after being wetted by its saliva.



