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Birds in the cormorant (Phalacrocoracidae) family dive tens of metres into
water to prey on fish while entraining a thin layer of air (a plastron film)
within the microstructures of their feathers. In addition, many species
within the family spread their wings for long periods of time upon emerging
from water. To investigate whether wetting and wing-spreading are related
to feather structure, microscopy and photographic studies have previously
been used to extract structural parameters for barbs and barbules. In this
work, we describe a systematic methodology to characterize the quasi-
hierarchical topography of bird feathers that is based on contact angle
measurements using a set of polar and non-polar probing liquids. Contact
angle measurements on dip-coated feathers of six aquatic bird species
(including three from the Phalacrocoracidae family) are used to extract
two distinguishing structural parameters, a dimensionless spacing ratio of
the barbule (D*) and a characteristic length scale corresponding to the spa-
cing of defect sites. The dimensionless spacing parameter can be used in
conjunction with a model for the surface topography to enable us to predict
a priori the apparent contact angles of water droplets on feathers as well as
the water breakthrough pressure required for the disruption of the plastron
on the feather barbules. The predicted values of breakthrough depths in
water (1-4 m) are towards the lower end of typical diving depths for the
aquatic bird species examined here, and therefore a representative feather
is expected to be fully wetted in a typical deep dive. However, thermodyn-
amic surface energy analysis based on a simple one-dimensional cylindrical
model of the feathers using parameters extracted from the goniometric
analysis reveals that for water droplets on feathers of all six species under
consideration, the non-wetting ‘Cassie—Baxter’ composite state represents
the global energy minimum of the system. By contrast, for other wetting
liquids, such as alkanes and common oils, the global energy minimum
corresponds to a fully wetted or Wenzel state. For diving birds, indivi-
dual feathers therefore spontaneously dewet once the bird emerges out of
water, and the ‘wing-spreading” posture might assist in overcoming kinetic
barriers associated with pinning of liquid droplets that retard the rate of
drying of the wet plumage of diving birds.

1. Introduction

The water-repellent nature of various bird feathers is typically attributed to a
combination of a natural hydrophobic coating (preen oil) coupled with the
microstructural topography of the feathers [1]. A droplet that is deposited on
a water-repellent feather resides in a solid—-liquid—air non-wetting composite
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These air pockets appear shiny when immersed under a liquid and are referred
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to as a plastron. While the term plastron was initially
formulated by Brocher [2] to describe a general thin film of
gas, it has primarily been studied in the context of aquatic
insects where the utility of the plastron-like air layer in
hiding from predators, for respiration, for mating or for
providing a safe habitat for their young has been extensively
investigated [3-9].

In aquatic birds, the existence of this plastron air layer
inhibits the complete wetting of the feather and is thought
to be critical in maintaining its water repellency. A plastron
layer around the plumage also enhances insulation, ensures
adequate thermoregulation, and can provide additional
buoyancy to aquatic birds [10,11]. Birds in the cormorant
family routinely dive in water up to many tens of metres
for food and are known to subsequently dry their wings by
spreading them in sunlight for extended periods of time.
Noting this behaviour, researchers have attempted to corre-
late the diving and wing-spreading phenomena to the
structure of bird feathers, with notable efforts for the cormor-
ant and darter, but there is lack of a clear consensus [12-15].
In their seminal paper on the wettability of porous substrates,
Cassie & Baxter [16] recognize the applicability of their
idealized cylindrical model in describing the wetting on
the barbules of bird feathers. Subsequently, Rijke [12] corre-
lated the feather structure and wing-spreading phenomenon
by documenting the wing-spreading behaviours of cormor-
ants and studying feather barbs and barbules, which he
characterized by applying the Cassie—Baxter (CB) model to
feather texture.

Bird feathers have cylindrically shaped barbs and bar-
bules that emerge from the main shaft (rachis) of the feather.
Rijke used optical microscopy and photography to mea-
sure barb spacing, 2D, and diameter, 2R, from which he
calculated a spacing ratio D* = (R 4+ D)/R for various bird
species [12]. In previous literature, researchers have argued
both in favour of, and against, a correlation between the spa-
cing ratio D* for the feathers and diving, swimming and
wing-spreading behaviour [17-20]. Recently, Bormashenko
et al. [21] obtained an estimate of the water breakthrough
pressure (Py) on typical feathers as approximately 10 kPa (cor-
responding to a depth of approx. 1 m of water). Past studies
have also relied on photographic and microscopic techniques
in attempts to characterize feather structure and wettability
[12,14,17,18,22,23].

In this work, we apply a technique that enables us to use
a contact angle goniometer [24] as a quantitative structural
probe by making contact angle measurements with a number
of polar and non-polar liquids on feathers that have been
dip-coated with a low surface energy coating used in our
past work [25]. We focus primarily on wing feathers, as those
are most relevant during diving and wing-spreading phenom-
ena. From these contact angle data, we self-consistently
estimate an effective spacing ratio and a characteristic length
scale of the critical flaws or defects in these complex structures.
This systematic approach also enables us to verify the consist-
ency of the various models used to estimate breakthrough
pressures and to rationalize the diving behaviour of different
bird species. Finally, we use a thermodynamic analysis
which shows that the CB non-wetting state on feathers
immersed in water is the globally stable state and thus connects
the measured values of the spacing ratio, the hydrophobicity of
the waxy oil coating and the observed behaviour of deep (more
than 10 m) diving birds.

2. Experimental procedure
2.1. Collection of bird feathers

The wing feathers are obtained from six different species of
aquatic birds, three from the same Phalacrocoracidae
family: the reed cormorant, the great cormorant and the Euro-
pean shag. The remaining species each come from distinct
families and were chosen because of their diving and wing-
spreading behaviour and include: the African darter, the
common shelduck and the mallard. Feather samples from
12 birds (two from each species) were furnished by the Natu-
ral History Museum, London, UK. No birds were sacrificed
specifically for this study. After pruning, wing, breast and
belly feathers of these birds were selected and representative
samples are shown in figure 1a—f.

2.2. Coating protocol

Fluorodecyl POSS (polyhedral oligomeric silsesquioxane)
molecules consist of silsesquioxane cages surrounded by eight
1H,1H,2H,2H-heptadecafluorodecyl groups [26]. Owing to the
high density of perfluorinated carbon atoms, a smooth fluoro-
decyl POSS surface has one of the lowest solid-surface energy
values reported to date (ys, ~ 10 mN m 1Y) [27]. The very low
surface energy of POSS makes it an ideal material for conferring
ultrathin, perfectly conformal coatings on topographically com-
plex structures down to the submicrometre length scale [25].
Building on our earlier experience with woven fabrics and
meshes, we were able to coat the feathers with thin, uniform,
flexible and conformal layer of fluorodecyl POSS mixed with
a commercially available fluoroelastomer (Tecnoflon BR 9151,
Solvay Solexis, ys, ~ 18 mN'm ). Asahiklin AK225 (Asahi
Glass Company) was used as the common solvent for the fluor-
odecyl POSS and Tecnoflon. We provide further details of the
coating procedure, sample preparation for microscopy and
elemental fluorine maps verifying a conformal coating in the
electronic supplementary material.

2.3. Contact angle measurements and tensiometry
Contact angle measurements and sliding angle measurements
were obtained with a Ramé-Hart 590-F1 goniometer fitted
with a tilt stage. Advancing and receding contact angles were
measured using approximately 5 pl (approx. 3—3.5 mm diam-
eter) droplets of various liquids (purchased from Aldrich and
used as received). At least six contact angle measurements were
performed with each liquid on each wing sample over the inner
and outer vanes of the feathers. The liquid surface tension was
measured using a Data Physics (DCAT 11) tensiometer with a
platinum—iridium Wilhelmy plate at 20°C.

3. Results and discussion

Feather structures are ‘quasi-hierarchical’ [21] and involve mul-
tiple distinct characteristic length scales, as shown in figure 2
for wing feathers of the common shelduck (Tadorna tadorna).
The generic features of feathers consist of a main shaft
(rachis), barbs (ramus) that branch out of the main shaft, and
barbules that extend from the barbs and often form interlock-
ing microstructures. The feathers are coated by preening oils
secreted from the uropygial glands of aquatic birds. These
oils are typically hydrophobic and consist of a mixture of
waxes, esters and fatty acids that determine the local surface
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reed cormorant (Phalacrocorax africanus)

great cormorant (Phalacrocorax carbo)

()

European shag (Phalacrocorax aristotelis) African darter (Anhinga rufa)

@

common shelduck (Tadorna tadorna) mallard/wild duck (Anas platyrhynchos)

wing feather of a common shelduck after dip-coating

Figure 1. Optical photographs of wing, breast and belly feathers for the six bird species. (a) Reed cormorant, (b) Great cormorant, (c) European shag, (d) African
darter, (e) Common shelduck and () Mallard are shown. Feathers are typically 2—3 cm in length and wing feathers (leftmost among the three feathers) are
typically more regular than breast and belly feathers (middle and right feather respectively). (g) A wing feather of a common shelduck after dip-coating in
50-50 fluorodecyl POSS/Tecnoflon solution is not wetted by water (7, = 72.1 mN m~", blue), or rapeseed oil (7, = 35.5 mN m~ ", red). The scale bar in
the figure corresponds to 1 cm. (Online version in colour.)
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Figure 2. Scanning electron micrographs of the topography of a wing feather of a common shelduck are shown. Pairs of images at different magnifications for the
central, tip and distal parts of the feather indicate the complexity and hierarchical nature of its texture.
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(a) water, AP =0 Pa

water, AP =80 Pa

(d) ethylene glycol, AP =0 Pa

Figure 3. A surface evolver simulation of the wetting phenomena on a one-dimensional model a bird feather by different liquids [36]. As the pressure differential
across the air—water interface increases from (a) zero, (b) 80 Pa and (c) 160 Pa, higher and higher fractions of the solid texture is wetted by water. The response of
the same feather in contact with (d) ethylene glycol (7, = 44 mN m™", 6,4, = 100°), (e) hexadecane (y, = 27.5mN m™", 6,4, = 80°) and (f) octane
droplet (i, = 21.6 MmN m™", 6,4, = 60°) with negligibly small pressure differential is depicted. (Online version in colour.)

energy of the bird feathers [1,28—31]. On a smooth, chemically
homogeneous surface, a liquid droplet exhibits a contact angle
at equilibrium (6g) given by Young's relation cos 6 = (7ysy —
Ys1)/ Yiv, Where vy is the pairwise interfacial tension between
the solid (s), liquid (1) and vapour (v) phases, respectively [32].
However, the waxy secretions of the uropygial glands can
result in a heterogeneous coating [33] on the feather resulting
in an experimental advancing contact angle (6.qy) that is typi-
cally used in lieu of the Young's equilibrium contact angle
(6g). Rijke [12] reports an advancing water contact angle (6,4y)
on a flat surface comprising this waxy coating of approximately
90°. Elowson [17] measured values of 6,4, on the central pri-
mary rachises of the feathers of the African darter as 6,4, =
95° and mallard as 6,4, = 88°, again indicating the intrinsic
hydrophobicity of the waxy coating on aquatic birds.

On rough surfaces, liquid droplets can exhibit one of the
following two states—(i) either a composite CB state where
the droplets partially rest on the solid elements and partially
on the trapped air pockets between the asperities or (ii) a
fully wetted (Wenzel) state where the droplets wet and pene-
trate the topography of the surface [16,34]. The topographical
details along with the surface chemistry of the feathers are
critical in determining whether a bird will maintain the non-
wetting CB state as it dives into water [12,14,35]. A wing feather
of a common shelduck is moderately hydrophobic in the
uncoated state and water droplets (y, = 72.1 mN m ) have
macroscopic advancing contact angles of 6., =134 + 1°
(see figure 1g and the electronic supplementary material,
figure E1). When a hydrostatic pressure differential is applied
on the air—water interface (illustrated in figure 3a—c), the con-
tact line advances along the solid cylindrical textural elements
[37]. However, when probed with lower surface tension liquids
such as hexadecane or dodecane, the shelduck wing feather in
the uncoated state is instantaneously wetted. We can confer
enhanced repellency on feathers to these low surface tension
liquids by dip-coating the feather with the 50 :50 mixture of
fluorodecyl-POSS/Tecnoflon. This now enables us to perform
contact angle measurements using liquids with decreasing

surface tensions and forms the basis for an alternative probing
technique to quantify the texture and wettability of feathers.
If the surface tension (7;,) of the contacting liquid is lowered
(as shown in figure 3d—f) at a fixed pressure differential, the
fraction of wetted solid once again increases. The close corre-
spondence between these two sets of images suggests that
probing a feather with water at increasing pressures or immer-
sion depths is analogous to probing the same feather with
liquids of successively lower surface tension. We therefore pre-
sent an approach to quantitatively characterize bird feathers
and other textured surfaces by first modifying the surfaces
with an ultrathin conformal low energy coating that amplifies
the natural liquid repellency and then performing contact
angle measurements using a set of probing liquids. By dip-
coating the feathers in our low surface energy coating (based
on fluorodecyl-POSS/Tecnoflon), we eliminate complications
arising from local variations in preen oil as well as sample-
to-sample variations. We can then exclusively focus on the
structural length scales that characterize the quasi-hierarchical
feather structure. These parameters completely characterize the
important wetting aspects of the feather texture. Finally,
we seek to elucidate correlations between the details of feather
texture and the behavioural response of these birds.

The quasi-hierarchical structure of the feather [21] implies
that there are multiple length scales accessible to the liquid
drop as it probes the topography of the feather. Because the
non-wetting CB state for low surface tension liquids on
the dip-coated feathers is metastable, a single defect site
on the feather can act locally as a nucleation centre that
induces a local transition to the Wenzel state, which then
propagates to the rest of the feather. This nucleation and sub-
sequent propagation of the metastable CB to Wenzel
transition on the dip-coated feathers is specific to low surface
tension liquids (with values of 6 < 90°). A similar wetting
transition at the defect sites is not observed for water (g >
90°), and the transition to the Wenzel state is instead deter-
mined by the smallest length scale (i.e. barbules) of the
structure as we show in §3.3.
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Table 1. Effective values of the spacing ratio (Og) measured on wing feathers from this work are compared against values obtained from microscopy [}
(Diviroscopy) OF barbs and barbules from the literature for wing feathers and breast feathers. In the last column, an estimate of the half-spacing of defect sites

(P gefect) deduced from contact angle measurements is also reported, and its significance is detailed in §3.5 in the main text.

Dricoscopy Wing feathers Dricoscopy breast feathers
bird species D% wing feathers barbs barbules barbs barbules Cdefect (prm)
African darter 1.28 £+ 0.10 1.7 1.6° 45° 99° 76° 220 + 50
reed cormorant 1.24 4+ 0.14 42° 24 43" 8.5° 2.9° 190 + 70
great cormorant 1.57 + 0.15 — 48 — 290 + 30
1.84 £+ 0.13 57° 19° 5.9°,10.6° 29° 250 + 30
1.91 £+ 0.16 — — — — 350 + 30
1.89 £+ 0.12 6.7° 2.1° 1.8 35 280 + 30
7.
1121,
As we describe below, the goniometric measurements which can be expressed for this model as [17]
of {64y, baav} (provided in the electronic supplementary 1
material, table E2) allow us to cos O, = —1+ D [(7 — Gadv) COS bagy + SiN Oagv].  (3.1)

(1) provide a wetting-based quantification of D*, the effec-
tive cylinder spacing ratio of the feathers that was
investigated by Rijke [12];

(2) predict the hydrostatic breakthrough pressure for each
feather structure;

(3) estimate gefect, the characteristic length-scale of defects
that governs the Wenzel transition for droplets of low
surface tension liquids.

Within this global framework, the contact angle data
characterize the average topographical details, and allow us
to use wetting as a ‘goniometric microscope’ that augments
existing microscopic studies.

3.1. Characterization of feathers using advancing
contact angles and a dimensionless spacing ratio

In the electronic supplementary material, table E2, we pro-
vide the apparent advancing (6.;,) and receding (6..)
contact angles of liquid droplets on the dip-coated wing
feathers of each of the six bird species. The advancing and
receding contact angles (6,qy and 6,.) on a perfectly flat,
fluorodecyl-POSS-coated surface are also provided for com-
parison. The apparent contact angles in the composite CB
state decrease with decreasing surface tension (y,) and
below a threshold value, the droplets irreversibly transition
from a composite non-wetting state and spread rapidly
across the structure to establish a wetted state with a much
lower apparent contact angle. For example, a liquid drop of
hexadecane (v, = 27.5 mN m " }) exhibits an apparent contact
angle of 6}, =97 + 5° on a dip-coated feather of the African
darter. However, a drop of dodecane (7, =25.3 mN m )
placed on the same dip-coated feather immediately tran-
sitions to the fully wetted state and spreads across the
feather resulting in an apparent contact angle of 6., = 0° .
We use a one-dimensional cylindrical framework to
model the wettability of the feathers. The apparent macro-
scopic contact angle is related to the topography of the
feathers and the coating chemistry by the CB relation,

Here, 6, 4, represents the measured macroscopic apparent contact
angle, 6,4, is the measured advancing value of the contact angle
on a flat, fluorodecyl-POSS-coated surface and D* = (R + D)/R
is a dimensionless geometrical parameter defined in terms of
the cylinder radius (R) and half-spacing (D). Using the CB
relation for a cylindrical texture (equation (3.1)), a nonlinear
regression was performed with D* as the only regression par-
ameter (cf. the solid curves in electronic supplementary
material, figure E2). A 95% confidence interval is used as a
metric of uncertainty for the value of the spacing ratio D* (and
values are listed in table 1). The spacing ratio characterizing the
wing feather is denoted D} and was found to be significantly
different for the various birds, ranging from a value as low as
D?y = 1.24 for the reed cormorant to as high as D; = 1.91 for
the European shag (table 1).

Estimating an appropriate value of this geometric spacing
ratio (D*) using micrographs (such as those in figure 2) is difficult
owing to the complexity of the feather structures. As a result,
there are conflicting reports in the literature of the values of D*
obtained from microscopy on barbs and barbules (henceforth
denoted Dfoscopy)- In table 1, we list the effective values of the
spacing ratio we obtain from fitting to contact angle data along-
side values of D} ycopy from the early work of Rijke [12] on
breast feathers and subsequent work of Elowson [17] on breast
and wing feathers. A comparison between the two columns indi-
cates that our small values of 1 < D}, < 2 are consistent with
Elowson’s microscopy-based estimates at the barbule scale of
wing feathers. In the following sections, we demonstrate that
the values of D* obtained from the wetting of the barbules are
consistent with the overall observed wetting, de-wetting and
breakthrough pressure (Pp,) of typical wing feathers whereas
the larger literature values of D, (corresponding to

*
microscopy

barbs) lead to erroneous predictions.

3.2. Predicting breakthrough pressures of water
interface on feathers

The preceding structural analysis used the CB relation
(equation (3.1)) to obtain a goniometric measure of the
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R two dimensional

~ 5 barbules
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=0)

Figure 4. Schematic of the Cassie —Baxter composite interface resting on an array of parallel barbules of radius R and half-spacing D under a dimensionless external
pressure differential P = AP/P,, where Pref = 2y/R. Here, 6 is the equilibrium contact angle of the liquid, < is the angular coordinate characterizing the
location of the contact line at a given pressure and h is the altitude of the bottom of the curved meniscus above the substrate. The horizontal dashed line indicates
the location of the meniscus in the absence of any external pressure differential. (Online version in colour.)

dimensionless spacing ratio (D*) on the feathers, which we
can then use, in turn, to predict the breakthrough pressure
of water for each bird species. As the bird dives underwater
to a depth H, a hydrostatic pressure differential AP = pgH
builds up across the composite air-liquid interface. As a
result, the interface must become curved to sustain this
pressure differential. In figure 4, we show an illustration of
the liquid meniscus between parallel cylinders of radius R
and half-spacing D under the influence of a dimensionless
pressure differential P=AP/ (2y,,/R). The position of the
contact line is characterized by the angle ¥ subtended
between the contact line and the vertical line through the
centre of the cylinder. In the absence of an external pressure
differential and negligible gravitational effects (AP = 0), the
liquid/air meniscus is flat, and is located at ¥ = 6. For
AP >0, the position of the contact line on the cylinder is
determined by a balance of the capillary force and the
pressure force as detailed in the electronic supplementary
material. Beyond a certain threshold, a transition to the
fully wetted (Wenzel) state can occur by either a depinning,
sagging or coalescence mechanism [38]. Determining
which of the various modes of failure occurs first involves
knowledge of the geometry as well as making specific
assumptions about the model that represents the barbs and
barbules of the feathers. Bormashenko et al. [21] developed
an analytical expression for the pressure differential at
which a depinning transition occurs on a single layer
of freely suspended parallel cylinders. As we show explicitly
in the electronic supplementary material, this depinning
transition requires a barbule spacing D* < |tan6fg|. Therefore,
if the barbules are spaced widely apart, this depinning tran-
sition does not occur. In the absence of this transition,
Bormashenko assumes the liquid meniscus transitions to
the fully wetted state only when it coalesces around the cylin-
der. However, the dense underlying structure on a feather (as
seen in figure 2b) can also permit a sufficiently curved liquid
meniscus to interact with additional underlying layers of
solid features leading to a Cassie to Wenzel transition. We
can describe this possibility by also allowing for a ‘sagging’
transition (in the place of Bormashenko’s coalescence tran-
sition) resulting from meniscus contact with an underlying
planar solid substrate (i.e. 1 — 0 in figure 4). This allows us
to combine Bormashenko’s results on the depinning tran-
of the sagging
transition to obtain a single framework for determining the

sition with independent calculations

breakthrough pressure Py, according to electronic supplemen-
tary material, equation SI-8. We also provide a state space

plot (electronic supplementary material, figure F3) to indicate
the actual mode of transition for various pairs of D¥, 6.

As expected (cf. electronic supplementary material,
equation SI-8), the critical pressure for breakthrough P, is
inversely proportional to the length scale of the texture (R),
and therefore the selection of R is critical in the design of
robust non-wetting textures. In a typical bird feather, there
are many different length scales corresponding to the barb,
barbules and tiny offshoots from the barbules. Because bar-
bules occupy most of the area fraction of the feather, the
length scale of these barbules is expected to be the dominant
length scale. Motivated by the scanning electron micrographs
in figure 2a—f, and the data of Elowson [17], we select a typical
value of the barbule length scale of R ~ 5 pm. We also use the
advancing contact angle (6,4y) in lieu of the equilibrium con-
tact angle (g) to account for inhomogeneities on the surface
of the feather [39]. With this value of the characteristic feature
size along with knowledge of D} and 6,4y for the feathers of
the various bird species, we can predict the breakthrough
pressure of water by using the electronic supplementary
material, equation SI-8.

To obtain the unknown value of 6,4, for each feather, we
make use of the fact that although our FluoroPOSS coating sig-
nificantly modifies the intrinsic surface chemistry of the
feathers, the thin (less than 200 nm) and conformal nature of
the coating ensures that the values of the effective spacing
ratio (D*) remain the same as the uncoated feather. In addition,
apparent advancing contact angles for water droplets (6;,) on
the uncoated feathers can be measured. Using the CB relation
(equation (3.1)), and the values of 64, and D} from table 1
and electronic supplementary material, table E2, an estimate
of values of 6,4, for water droplets on the inherent waxy coat-
ing of the feathers can be calculated (presented in the second
column of table 2). These values of 6,4, characterize the wett-
ability of the heterogeneous waxy secretions (preen oil) from
the uropygial gland that is deposited onto the feathers. We
use these advancing contact angles in place of the equilibrium
contact angles for each feather to determine the value of P, and
these values are listed in table 2.

We observe in table 2 that the predicted Py, for the Cassie
to Wenzel transition on the feathers of the various species is
in the range of 10-40 kPa for all six species, which corre-
sponds to a maximum diving depth in water of 1 <H <
4 m, consistent with the independent estimate obtained by
Bormashenko et al. [21]. Therefore, from our calculations of
Py, the diving depths at which the non-wetting Cassie state
can be maintained are towards the lower end of the spectrum
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Table 2. Estimated values of advancing contact angles (6,4,) for water on the waxy preen oil coating that is present on a feather, critical angular location
(), predicted breakthrough pressure for water droplets (P,) and the corresponding transition mode are compiled for the uncoated wing feathers of the six
bird species. The last two columns contain empirically observed diving depth and wing-spreading behaviour for the same bird species.

estimated (A critical angular

bird species 0.qv (°) location 3, (°)

African darter M2 42 68
B iz S
greatcormorant } 117i6 e v
Europeanshag } 106i3 S
B iz S

shelduck

®From neutral buoyancy experiments, not natural observation.

predicted predicted

breakthrough transition diving wing-

pressure, Py, (kPa) mode depth (m) spreading

28 depinning <5 Y

0 L depmnmg T

o depmmng 47<10b o
L sagglng ................. s S

PUsually << 10 m, but can dive to depths of 35 m [40]; wing-spreading: Y, predictably; N, never; dabbling, dabbling species, not primarily divers.

of the typical diving depths reported for the African darter
and reed cormorant. In addition, for the great cormorant
and the European shag, which reach depths of up to 35 m
while hunting for fish, our calculations predict that the indi-
vidual bird feathers will indeed become fully wetted during a
typical dive. Using our analysis, the barbules would need to
be as small as R ~ 0.3 um to achieve diving depths of 35 m
while maintaining the non-wetting state, which is inconsist-
ent with the observed structural length scales shown in the
scanning electron micrographs in figure 2. This suggests
that evaluating the resistance to meniscus breakthrough is
not sufficient by itself to completely explain the diving and
wing-spreading behaviour of deep-diving aquatic birds.

In the SEM image shown in the electronic supplementary
material, figure C2, we can identify the presence of large
defect sites in the feather structure. We can quantify these
defect sites by introducing a local effective half-spacing
(lefect) on the quasi-hierarchical feather. These defect sites
correspond to the initial nucleation site at which low surface
tension liquid droplets initiate transition to the fully wetted
Wenzel state. By equating the Laplace pressure of the probe
liquid droplet with the breakthrough pressure P, (cf. Section
G in the electronic supplementary material) an expression for
the defect size ({gefect) can be obtained

Tdrop , s sin (G.ay — U,
faven =52 0" =) (R
C

Je = max (94, )

(3.2)
and

where 74.op is the radius of the probe liquid drop and . is
the critical angular location at which the Cassie to Wenzel
transition occurs either by depinning (J4) or sagging (J;),
whichever occurs first. For the wing feather of a common
shelduck, we find the defect length scale, lgefect = 280 pm.
The same exercise is repeated for the wing feathers of other
five bird species, and the results are summarized in the last
column of table 1. All six bird species have similar values
of the half-spacing of defect sites (lgefect ~200-300 pwm).
These values of the defect length scale are much larger than
the barb or barbules length scale (i.e. fgefect > D), highlight-
ing the quasi-hierarchical structure of the feather. Our
goniometric measurements thus suggest that the scale of
the defects controlling the Cassie to Wenzel transition for

low surface tension metastable liquids is set by topographic
features that are an order of magnitude larger than those
typically considered in optical microscopy of the feather.

In summary, the overall wetting behaviour of the wing feath-
ers of each of the six bird species has been characterized in terms
of two structural parameters—(i) an effective spacing ratio (D)
that governs the value of Py, required to disrupt the non-wetting
water/air interface on the smallest features on the feathers (i.e.
the barbules with R ~5 pm) and (ii) a larger defect length
scale {gefect that governs the breakthrough of the metastable com-
posite interface formed with low surface tension liquids. The
difference between the characteristic length scales that govern
the breakthrough of the composite interface with water, as
opposed to low surface tension liquids, arises from the global
thermodynamic stability of the non-wetting CB state formed
with water when the equilibrium contact angle is above a certain
critical contact angle, as we now proceed to show.

3.3. Surface energies of Cassie—Baxter and Wenzel
state interfaces

An expression for the surface energy of the composite CB inter-
face relative to an initial reference state can be obtained for the
array of parallel cylinders. The reference state is the initial
planar interface that exists in the absence of a pressure differen-
tial (i.e. P = 0; 9 = 6g). The total surface energy is the sum of
two terms (i) the evolving solid/air and solid/liquid inter-
actions that accrue as the contact line descends along the
barbule (governed by the Young-Dupré equation), and
(i) the incremental energy of the increasing liquid /air interface
resulting from the curvature of the meniscus. In the electronic
supplementary material, we derive the following expressions
for the surface energies for the CB state (AEc) and the
Wenzel state (AE,,) relative to the initial reference state:

AEcp
Wiy, —(6g — ) cos O
(g — 0)(D* — sin ) ..
sn(6—9) D —sinbe)
AEw .. «
and m— —6g cos g — (D" — sin 6g) — D” cos 6.

(3.3)
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Figure 5. Plot of the total surface energy of the composite solid/liquid system against the angular position ¢ of the interface on a one-dimensional array of parallel
cylinders of diameter 2R, half-spacing D with a dimensionless geometric spacing 0* = (R + D)/R = 1.5. The solid curves indicate the energies of the composite
interface corresponding to the Cassie—Baxter non-wetting state, and the dashed line indicates the surface energy of the fully wetted Wenzel state. The blue and
green curves are evaluated for water (6; = 120°) and a typical oil (6 = 60°) respectively. A schematic of the liquid meniscus corresponding to the initial state A,
depinning transition state B, sagging transition state C and the Wenzel state are shown above the plots. State D is associated with the coalescence transition
proposed by Bormashenko, when a rigid, underlying substrate below the feather is absent, as shown in the sketch. (Online version in colour.)

In each case, the surface energy is scaled by a reference
energy 2RLy,, where L is the length of the cylindrical element.
The final term in the expression for the energy of the Wenzel
state is introduced to account for the interactions on the under-
lying flat substrate. In figure 5, we show the free energy of the
interface on an array of cylindrical barbules as it evolves with
increasing applied pressure differential for a fixed value of
D*=1.5, and for two values of equilibrium contact angles
of 6z =120° and 6 = 60° (representative of the behaviour of
water and oils, respectively). The solid line corresponds to the
surface energy of the CB state (AEcg), and the dashed line is
the energy of the fully wetted Wenzel state (AE,,), determined
from equation (3.3). For both curves, the initial non-wetting
reference state A (ie. P=0; 9= 6) is located at a local
minimum of the surface energy. The surface energy of the com-
posite interface increases with increasing external pressure
differential as the meniscus descends along the cylindrical fea-
tures. When 6z =120° and D* = 1.5 (blue curve), the liquid
meniscus transitions to the Wenzel state by a depinning mech-
anism, indicated by state B (Pd = 0.69; ¥4 = 65°) in figure 5.
Beyond this point dP/d9 > 0 and the interface is mechanically
unstable to pressure fluctuations. The dimensionless surface
energy just before this transition occurs is AE./(2vy,RL) =
0.54. The numerical value of the surface energy at the transition
state can be interpreted as an energy barrier that must be

overcome before transition. Further, we observe that when
0 = 120° and D* = 1.5, the final fully wetted Wenzel state
(dashed line) is at a higher energy (AE,,/(2yi,RL) = 1.16) than
the transition state B and the initial CB state. This indicates
that the globally stable equilibrium state is the CB non-wetting
state; therefore, upon decreasing the external pressure differen-
tial, the Wenzel state will spontaneously dewet and re-establish
the composite non-wetting CB interface.

By contrast, the wetting behaviour of an oil (green curve;
6= 60°) on the cylindrical features with the same structural
spacing ratio (D* = 1.5) is markedly different. The surface
energy once again increases from the initial reference state
A’. However, in this case, the meniscus transitions to the
Wenzel state by a sagging mechanism, indicated by state C’
(Ps = 0.22; 9, = 36°). The dimensionless surface energy
barrier just prior to transition is only AE./(2vy,RL)=0.09,
much smaller than the corresponding transition value
obtained for water. The most characteristic feature of the wet-
ting of the oil is the much lower energy of the Wenzel state
(AE,,/(2ywRL) = —1.9) relative to both the transition state
C’ and the initial state A’. The negative value of the surface
energy for the Wenzel state indicates that the wetting tran-
sition is irreversible for this oil, and the liquid will not
recover to the initial non-wetting state even upon complete
removal of the external pressure difference.
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Table 3. Values of the citical angle for the Cassie—Baxter to Wenzel
transition (6,) on wing feathers of various species obtained using effective
values of the spacing ratio (D7) in equation (3.4).

bird species D* 0. (°)

African darter 1.28 + 0.10 9 + 2
Ctomont imron 0 sas
greatcormorant o mhes wma
. Europeanshag e
Y

Uncertainty in 6,4, is computed using Monte Carlo simulation with 10 000
repeats and by sampling values of D* and 6* as random normal
distributions.

The irreversibility of the wetting transition highlights
the metastable nature of the non-wetting state for oils
[41,42], and an estimate of the magnitude of the energy
barrier prior to transition can be obtained from equation
(3.3). So far, we have considered the wetting energies of
two liquids with different values of 6 on the same structural
element. A similar irreversible wetting transition can occur
for water by simply increasing the value of the dimensionless
spacing (D*). An understanding of the energetics of wetting,
and the global stability of the CB non-wetting state on
the cylindrical elements of the feathers, is therefore essential
in interpreting the diving and wing-spreading behaviour
of birds.

3.4. Thermodynamics of wetting: binodal and spinodal
To test whether water droplets on a given bird feather are in a
thermodynamically stable CB state, values of the contact angle
on a smooth surface with identical chemistry (6g) are needed.
By using the best-fit value of D* from our goniometric analysis
on the dip-coated feather, and measuring the apparent advan-
cing contact angle for water on each uncoated feather, we can
estimate the advancing contact angles on the waxy preen oil
that covers natural feathers using equation (3.1), as discussed
in §3.2. We have listed these values in the second column of
table 2.

For a feather with a hydrophilic coating (6 < 90°), the
fully wetted state represents the global equilibrium state
with minimum free energy, whereas on a feather with a
strongly hydrophobic coating (6 > 90°), the composite
solid—liquid—-air interface is the global equilibrium state.
The thermodynamic crossover condition between the two
states is analogous to a binodal transition [43] that can be
found by equating the two expressions (CB and Wenzel)
for apparent contact angles to give

sin Oc — 6¢ cos Oc

D" = 3.4
1 + cos 6c (3:4)

Equation (3.4) gives an implicit expression for the binodal
line for the critical angle 6. on a feather with a specific value
of the spacing ratio D*. These critical values are evaluated for
each of the six species studied in this paper in table 3 and
equation (3.4) is shown as the broken line in figure 6.

thermodynamically stable
composite (CB) state
[l

120 ' ' ' P —d
—I%FEI‘I’B’\ microscopy-based
I g - characterization
100 s
— — - binodal
6% =0°
> 6% =90°
caé 60 etastable composi 6 =120°\4
N < P 6 =150°|
(CB) state
40+ spinodal |+
201
r
0 fully wetted state
1 2 3 4 5 6

D*

Figure 6. A phase diagram of surface wettability is plotted with measured
advancing contact angles (6,4,) for water on the ordinate and a best-fit value
of the effective spacing ratio (D) on the abscissa. Isocontours of constant
apparent contact angle (evaluated using equation (3.1)) are shown by
solid coloured lines. The dashed line corresponds to the binodal line
(equation (3.4)) separating the thermodynamically stable Cassie—Baxter
(CB) states and the metastable (B states (light grey). The measured water
contact angle data for the six bird species under consideration all lie
above the binodal where the composite interface is the equilibrium state.
The metastable region of the chart below the binodal (light grey) is obtained
by equating the Laplace pressure of a water drop with radius equal to its
capillary length, to the P, calculated from equation (SI-8) with R =
5 m. The solid grey line indicates the spinodal. In the region below the
spinodal, the (B state is unstable and will undergo a spontaneous transition
to the fully wetted Wenzel state. (Online version in colour.)

The broken line demarcating the stable and metastable
regions in figure 6 is analogous to a binodal curve and can
also be obtained by setting AE,, = 0 in equation (3.3), when
the energy of the fully wetted Wenzel state is exactly equal
to the lowest energy of the CB state (when the pressure
difference P = 0).

For a given barbule spacing D*, the composite interface (or
CB state) is globally the lowest energy state if 6,4, > 6; this
corresponds to the region above the binodal in figure 6.
When 6,4, < 6, the fully wetted Wenzel state has a lower
free energy than the CB state. However, because of the
energy barrier shown in figure 5, a liquid droplet on a feather
can remain trapped in a metastable non-wetting CB state, in
the region shaded light grey in figure 6 until a defect nucleates
and grows leading to an irreversible wetting transition.
Organic liquids with 6g < 90° that produced non-zero contact
angles on the coated feathers all lie in this shaded region
between the binodal and spinodal in figure 6. Liquid droplets
in metastable CB states eventually transition into the more
stable Wenzel state under pressure perturbations. From the
electronic supplementary material, equation SI-8, the break-
through pressure required depends on the spacing ratio
(D*) and the barbule length scale (R). The dark grey region
in figure 6 below the spinodal curve indicates the region
where the transition to the thermodynamically stable fully
wetted Wenzel transition state is spontaneous, and the non-
wetting CB state is thermodynamically unstable. A represen-
tative spinodal curve, evaluated with a barbule length scale of
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R =5 um is plotted as the dark grey line in figure 6, where
the characteristic length scale that sets the magnitude of
the Laplace pressure for a large drop sitting on a feather
corresponds to the capillary length of water (r4rop = 1.7 mm).

On comparing the second column of table 2 with the last
column of table 3, it is clear that for all six bird species, the
value of the advancing contact angle (6,4, ~ 105-118°) that
we compute for each feather (by using the best-fit value of
D* obtained from our goniometric analysis) is larger than
the corresponding critical contact angle 6. (i.e. 6,4y > 6).
Therefore, based on our goniometric analysis, we conclude
that water droplets sitting on the quasi-hierarchical feathers
of all six birds are in fact, in a thermodynamically stable
CB state, as shown in figure 6. The wetting behaviour of
the natural waxy coating (or preen oil) on aquatic bird
feathers is, at best, moderately hydrophobic (6,4, ~ 105-
118°), and therefore a low value of the effective spacing
ratio between barbules (1 < D* < 2) is essential to push the
feathers above the binodal (dashed line) in figure 6. Various
microscopy-based estimations reported in the literature
[12,14,17-19,22], particularly those based on barb dimen-
sions, lead to much larger reported values of the spacing
ratio (D* ~ 3-10). This would erroneously locate the feathers
in the top right corner of figure 6, in a region where the fully
wetted Wenzel state is the global equilibrium state for
water—feather interactions.

3.5. Connection between wetting, thermodynamics and
avian diving

Based on our analysis, the predicted values of P}, for feathers
immersed in water are toward the lower end of the typical
hydrostatic pressure that the feathers are subjected to
during a dive. With increasing hydrostatic pressure, the air
between the barbs and barbules is gradually replaced by
water as the air—water interface bulges (figure 3). Therefore,
the individual feathers are expected to ultimately be fully
wetted in a typical dive.

However, as the birds return to the surface, this Wenzel
state becomes energetically unfavourable compared with the
solid-liquid—air composite state. Drainage induced de-wet-
ting of the texture is expected, but this energetically
favourable transition behaviour may be retarded by kinetic
barriers that trap some of the water temporarily in the
feather texture. Spreading of the wings will help to facilitate
the transition from the Wenzel to the CB state by reducing
contact line pinning of droplets. The rate of transition from
a fully wetted state to a composite state will depend on
the geometry and wetting characteristics of the feather
(e.g. the barb spacing and the advancing contact angle).
However, for the feathers of all six aquatic birds under con-
sideration here, our goniometric analysis suggests that the
non-wetting state is indeed thermodynamically favourable.
By contrast, Bormashenko [30] has determined the equili-
brium contact angle of water on the central rachis of
pigeon feathers to be 6 =72° (i.e. the pigeon feather is
mildly hydrophilic). Therefore, our framework implies that
although pigeon feathers repel water, the corresponding
CB state with water is, at best, metastable. The enhanced
hydrophobicity of the waxy coating and preening oil used
by aquatic diving birds (6g >90°), coupled with low
values of D*, are essential for the feathers to spontaneously
dewet after each dive.

4. Condlusion

In this work, we have extended and applied our understand-
ing of the wetting of fibrous textured surfaces to bird feathers.
From the thermodynamic analysis, we show that a combi-
nation of the structural details of the feathers (i.e. densely
spaced barbules with low values of D*) along with the hydro-
phobic surface chemistry of preen oil (i.e. 6z > 90°) together
can help establish the CB composite state as the global equi-
librium state when feathers are in contact with water. By
contrast, for lower surface tension liquids or for widely
spaced barbules, this CB state is, at best, metastable. The
characteristic length scale of the barbules determined from
microscopy (R~ 5 um) sets the breakthrough pressure for
the case of water, while the much larger defect length scale
(Cgefect) controls the loss of metastability for droplets of
organic liquids placed on the same feather structures.

The estimated hydrostatic breakthrough pressures of
water on the textures of all six wing feathers indicated that
individual feathers are expected to become wet at moderate
depths (on the order of a few metres) smaller than the typical
diving depths attained by the African darter, reed cormorant
and the European shag. Using our dip-coating approach, we
are able to locate the various feather textures on a wetting
state phase diagram and thereby show that a non-wetted
solid -liquid —air composite interface is the global equilibrium
state of water droplets on these feathers at atmospheric
pressure. Once the birds emerge out of water, the dewetting
transition is thermodynamically favourable. The wing-
spreading behaviour demonstrated by these species might
help facilitate this dewetting/water-shedding if there are
pinning sites or other kinetic traps that delay the spontaneous
drying of feathers and their return to the lowest energy
CB state.

We have also demonstrated that feathers of aquatic bird
species with a thin, conformal POSS/Tecnoflon coating are
not wetted by low surface tension liquids like hexadecane
and dodecane. Dip-coating thus enables us to focus exclu-
sively on the role of physical structure or texture on the
observed wetting behaviour. From goniometric measure-
ments of the apparent advancing contact angle data (6,)
on the dip-coated feathers, we extracted a dimensionless spa-
cing ratio (1 < D* < 2) and a measure of the half-spacing of
defect sites (190 pm < fgefect < 350 wm) that characterize the
quasi-hierarchical structure of the wing feathers of each
bird species. These two structural parameters capture the
most important structural aspects of the complicated texture
of bird feathers in terms of a simple one-dimensional wetting
cylindrical model. This approach provides a simple and
quantitative method to investigate bird feathers, compared
with previous work based on microscopic or photographic
evaluation alone. Applying this systematic and self-consistent
framework to measurements on feathers of other avian
species will help to correlate the structure of bird feathers
with observed aquatic behaviour.
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