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Abstract. Cold-weather penguins continually dive in and out of the
water and get splashed by waves during the frigid Antarctic winter.
Yet, even under these extreme sub-zero conditions, macroscopic ice
crystals are typically not observed on their feathers. In this work, we
hypothesize that the origin of the anti-icing properties of a cold-weather
penguin’s feathers comes from a unique combination of the feather’s
macroscopic structure, the nanoscale topography of its barbules, and
the hydrophobicity of its preen oil. We show that, the combination
of all three, make cold-weather penguin feathers both highly water
repellant and icephobic. In this paper, we present the results from a
series of droplet freezing experiments performed on feathers from a
number of species of both cold-weather and warm-weather penguins.
Compared to a smooth glass substrate, freezing was delayed by a fac-
tor of 30-times for drops deposited on warm-weather penguin feathers
and 60-times for cold-weather penguins. The difference in freezing time
between warm- and cold-weather penguins was statistically significant
and can be attributed to the increase in the contact angle measured
between the drop and the feather of the cold-weather penguin. This
increased contact angle is the result of an increase in the hydrophobic-
ity of the preen oil and the inclusion of nanoscale, air-trapping dimples
on the surface of the barbules. The physics of this delay are explained
through the development of a simple heat transfer model which demon-
strates that increasing contact angle is a primary cause of increased
freezing time and icephobicity. The results of this study can be used
to motivate the designs of biomimetic surfaces to minimize ice for-
mation in extreme conditions for a number of important engineering
applications.
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1 Introduction

Penguins are flightless birds living in diverse geographical locations in the southern
hemisphere. Humboldt penguins live in temperate zones near the equator whereas
circumpolar species like the Gentoo, Macaroni, Emperor, and Adelie have adapted to
the extreme cold in Antarctic regions, where air temperatures may reach −40 ◦C with
wind speeds of 40 m/s and water temperatures around −2.2 ◦C [1,2]. Penguins jump
in and out of the water every day. Yet, no macroscopic ice formation can be observed
on their feathers in nature or in captivity even on the coldest days of the year. A
better understanding of the origins of the amazing anti-icing ability of Antarctic
penguins could help address one of the major challenges in the aerospace industry,
ice formation and buildup on the surface of aircraft wings.

The results of numerous experimental studies have shown that even a very small
amount of ice accumulation at critical locations on an aircraft can have a nega-
tive impact on its performance [3]. Some of the observed effects include: substantial
decrease in lifting capability, frequent control-surface anomalies, increase in drag,
malfunctioning of sensors, and probes, and, in some cases, reduction in engine per-
formance and stability [4,5]. Ground-based de-icing is both expensive and time
consuming. In this method, a mixture of chemicals is heated and sprayed under
pressure to remove ice on the aircraft. The toxicity of the deicing fluids is also an
environmental concern [5,6]. The development of surfaces that can resist icing both on
the ground and in flight is therefore a significant advantage for both commercial and
military aircraft. Ice accumulation can also reduce the performance of other lifting
surfaces such as the blades of wind turbines by changing the aerodynamic profile of
the blades and adding to the operational loading of the entire rotor, which can lead
to significant energy loss and reduction of power production [7,8]. Current de-icing
methods require the turbine to be stopped or use power from the turbine itself which
decreases the efficiency of the system [9,10]. A number of strategies have been devel-
oped in the past to find suitable materials to delay or prevent ice formation [11–16],
all with limited success.

In this paper, we turn our attention to nature and the anti-icing property of
Antarctic penguins for inspiration in the development of novel and efficient ice-phobic
surfaces. We also demonstrate that penguin ice-resisting ability is the product of
a unique combination of surface chemistry, the physical structure of the penguin
feathers, and a heat transfer mechanism directly related to contact angle. Through
a theoretical and experimental study of ice formation on the feathers of a series of
different penguins, we show that cold-weather penguin feathers are more ice-resistant
than those of warm-weather penguins due to differences in both the surface chemistry
and fine structure of the feathers. The results are extended to superhydrophobic
surfaces in general through the development of a heat-transfer model that explains
the primary mechanism behind the delay of solidification on water-repellent materials.
It should be noted that the main concern of this work is to prevent the initiation of
freezing as when the trijunction starts solidifying, the drop adheres to the surface,
and it becomes almost impossible for the drop to roll off of the surface under normal
circumstances.

2 Materials and methods

2.1 Experimental procedure

A series of experiments were performed to observe the rate at which water droplets
freeze on penguin feathers. For these experiments, five different types of penguins
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have been used, and the list from cold to warm-weather habitat includes Adelie
and Emperor, which are endemic to Antarctica, Gentoo and Macaroni that reside
in sub-Antarctic regions, and finally Humboldt, which is a South American penguin.
Feathers were placed inside the drop shape analyzer, Krüss DSA 100, and cooled to
T = −20 ◦C. This instrument was used for recording the droplet spreading dynamics
and solidification process and provided accurate measurement of the dynamic contact
angle and contact diameter of the droplet. The contact angle measurements are per-
formed for single droplet on both individual feathers and a packed group of feathers.
Liquid water drops at room temperature were then deposited on the penguin feath-
ers. The volume of drop was set to 5µl for all the experiments in order to make sure
the results are consistent, and the size of the droplet was small enough to neglect
the gravitational effects. In this device, the temperature of the solid targets can be
adjusted by a Peltier element situated inside, the droplet placed on the cold substrate
was illuminated from one side, and a high-speed camera captured images continu-
ously during solidification which was used in real-time monitoring of the process. All
the experiments were performed inside the environmental chamber with controlled
humidity to prevent the effect of condensation and frosting. For comparison, water
was also deposited on a smooth glass substrate, which was rinsed successively in
ethanol, methanol, and deionized water.

It should be noted that in these experiments, the temperature of the feathers
is well chosen after comprehensive research to fit penguins natural living conditions
and provide relevant results, and there are two main reasons behind the constant
temperature of −20 ◦C. First, the temperature of the outside of the body of the
penguins is almost the same as outside air in their natural habitat [17] because
otherwise their survival would be impossible due to the severe heat loss. Second, at
this temperature, the nucleation activation energy barrier is minimized and delay in
the onset of freezing is mostly the result of a reduced heat transfer due to geometric
effects as described below.

2.2 Data analysis

In this study, 65 samples were obtained from 5 different types of penguin feathers
under the same experimental conditions. To compare the values and acquire a rela-
tionship between the freezing delay times on different species of penguins, the average
values and standard error were calculated. The analysis of variance (ANOVA) was
used to analyze the difference among the groups applying the significance level of
p < 0.01, and the results show that the average values for cold weather penguins
(Adelie, Emperor, Gentoo, and Macaroni) are statistically different than the warm
weather penguin (Humboldt) (Fig. 2b, caption).

3 Contact angle measurements and freezing experiments
on penguin feathers

In Figure 1, the equilibrium contact angles of water droplets on various penguin feath-
ers are shown at room temperature. The results are interesting in that the feathers
of penguins in colder environments always have higher contact angle with water than
do warm-weather penguins. This observation suggests there might be a direct rela-
tionship between the contact angle and the penguins’ habitat. Our hypothesis is that
Antarctic penguins have evolved, in part, to improve their anti-icing properties. In
order to quantify and compare penguins’ ice-resisting abilities, we have performed a
number of freezing experiments on different penguin feathers and measured the time
of icing initiation.
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Fig. 1. Static contact-angle measurements on penguin feathers. The contact-angles for water
droplets on different penguin feathers and a glass substrate are measured using the ellipse
fitting method [18]. The reported values on the figure are the roundup average contact
angles, and the exact numbers are: Adelie 119.4 (±1.6)◦, Emperor 121.2 (±1.2)◦, Gentoo
120.3 (±1.8)◦, Macaroni 120.7 (±2.2)◦, and Humboldt 99.1 (±4.1)◦.

A series of images showing the freezing process on a cold-weather penguin feather
(Adelie), a warm-weather penguin feather (Humboldt), and a clean, smooth glass
substrate is presented in Figure 2a. In this experiment, the water drop at room
temperature with the volume of 5µl is deposited on each surface at −20 ◦C. On the
glass substrate, the water drop begins to solidify roughly one second after the start
of the experiment. The heterogeneous nucleation and growth of ice from the glass
substrate progresses vertically through the drop and resulting in a pointed frozen
droplet shape at the end of freezing process consistent with the work of Anderson et al.
[19]. Under the same conditions, when a water droplet is placed on a warm-weather
Humboldt penguin feather, the solidification process is delayed considerably and ice
crystals are observed to grow everywhere at once resulting in a nearly-instantaneous
uniform increase in the opacity of the drop. As shown in Figure 2a, the onset of
the solidification process on a Humboldt penguin feather is 30 s after the droplet
deposition. Even more interesting, for a water droplet deposited on a cold-weather
Adelie feather, the freezing does not begin until 57 s after droplet deposition as shown
in Figure 2a. The result is roughly a 60-fold increase in the solidification initiation
time on an Adelie feather when compared to the glass substrate and a 2-fold increase
when compared to the Humboldt feather.

The same set of experiments was carried out for several examples of warm-
weather and cold-weather penguin feathers and the results are presented in Figure 2b.
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Fig. 2. Freezing experiments on penguin feathers. (a) Video sequence of water freezing on
different substrates at −20 ◦C. The droplets were deposited on the solid target with the
flow rate of 2 ml/min and total volume of 5µl. The elapsed times are 0, 1, 30, and 57 s,
respectively. (b) Time required for the onset of droplet freezing as a function of contact
angle for a 5µl water drop on a series of penguin feathers in an environmental chamber
cooled to T = −20 ◦C. There are significant differences between the freezing delay time of
cold-weather penguins (Adelie, Emperor, Gentoo, and Macaroni) and the warm-weather one
(Humboldt) (F (4, 60) = 4.406, p = 0.00345). For comparison, the onset time of freezing for
a droplet on a smooth glass substrate with a contact angle of 75◦ was found to be close to
one second.
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Depending on where a penguin resides, these results clearly show that the water-
repellency and anti-icing characteristics of the penguin’s feathers can be quite
different. The change in wettability appears to make cold-weather penguin feath-
ers better suited for forestalling ice formation and for keeping the penguins free of ice
even in the harshest climates on earth. It should be noted that although large contact
angles appear to delay the solidification process, it is not the sole factor governing
the ice formation. For instance, the feathers of Adelie penguins are less ice-resistant
compared to other cold-weather penguins even though their contact angles are com-
parable. Other factors such as the presence of an insulating air layer beneath the
droplet, the reduction of the effective contact area of the drop, the abundance of
nucleation sites, and the details of the surface microstructure can therefore have an
effect, which is discussed in the Supporting Information (SI) section.

4 Feather structure analyses

Feathers are the most prominent, complex, and varied integumentary derivatives of
birds. The basic plan of a penguin feather consists of a shaft with regularly spaced
branches on either side. The branches, called barbs, form interconnected sheets or
vanes which are the most visible part of a feather. A barb repeats most of this plan,
having a central axis with tightly spaced barbules on either side. Although there have
been many studies on morphology and structure of bird feathers [20–22], none of them
has studied the nano-size pattern on penguin feathers that makes them excellent ice-
repellent surfaces. To determine the important parameter making penguin feathers
ice-phobic, it is essential to analyze the feather structure of penguins living in diverse
environmental conditions. Therefore, a series of SEM (scanning electron microscopy)
images of feathers of three different penguins were taken as shown in Figure 3. The
SEM images in Figure 3a reveal the micron-scale features of the Emperor penguin
feathers. In this figure, the barbs and barbules are clearly visible with the barbs
roughly 20µm in diameter and spaced 300µm apart with a dense array of barbules less
than 5µm in diameter protruding from the side of each barb. A further increase in the
magnification shows the hooks branching from the barbules and the microstructure
along the surface of the barbules creating a hierarchical structure enhancing the
non-wetting properties of the feathers.

A closer look at the feathers is presented in Figure 3b. These images reveal an
extremely fine structure along the surface of the shaft which appears to be a series
of dimples and cavities. For the cold weather Gentoo penguin feather, the surface
features are found to be in the range of 80–260 nm in diameter with average of 174 nm
and population density of 4.02/µm2. The highly packed structure and complex nano-
texture of the feathers provide the roughness necessary to trap air between and along
the barbules, the barbs, and the shaft making the feathers naturally hydrophobic
[23]. However, for the warm weather penguin, Humboldt, these features are slightly
different. The surface patterns are larger in size, smaller in depth, and more dispersed.
The diameter of the surface features for Humboldt feather is between 350 and 600 nm
with the average size of 462 nm and population density of 1.01/µm2. These features
also help increase the water droplet contact angle on Humboldt feather although,
as seen in Figure 2, the warm-weather feather’s contact angle is 20◦ less than the
best cold-weather feathers. It should be noted that this is the first time these nano-
structures are observed on the penguin feathers. The work done by Wang et al. [24]
is the only previous study on icephobicity of penguin feathers and their potential
to provide a passive anti-icing system. However, the only type of penguin studied
was the Humboldt, the warm-weather penguin, and no such nano-structures were
reported.
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Fig. 3. Feather structure analysis. (a) The SEM pictures of the surface of the barbules of
the Emperor penguin feather. The pictures show the hooks branching from the barbules
and also the micro-texture along their surface. (b) SEM images of feathers of the Gentoo
and Humboldt feathers with three different magnifications to observe the submicron size air
cavities on the shaft surface at three different magnifications increasing from left to right.

In addition to their surface structure, feathers have a unique surface chemistry.
They are made of keratin, which has a critical surface tension of ≈20 dyn/cm [25]
and are covered by preen oil produced via the uropygial gland located at the base
of the penguins tail [26]. Penguins cover the surface of their feathers with preen oil
sometimes several times a day. The chemical composition of preen oil is primarily
monoester waxes with fewer triglycerides and hydrocarbons [27].

To examine the preen oil composition and abundance on different penguin feath-
ers in nature and subject to the experiment, a complete gas chromatography/mass
spectrometry (GC/MS) analysis is performed and the details are presented in SI sec-
tion. The GC/MS analysis reveals that both samples subject to the experiment and
the control group, freshly collected feathers, have a similar profile, and the intensities
of the components are in close proximity. A comparison between preen oil composi-
tion of different penguins was also performed by Jacob [2], and it was shown that the
chemical compositions of preen-oil vary with species. He studied the preen waxes of
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three species of penguins and showed that preen-oil compositions of penguins have two
different wax patterns; the cold-weather penguins like the Gentoo and rock-hopper
penguins contain mostly 3-methyl-branched acids; however, the warm-weather pen-
guins like the Magellanic penguin contains primarily 2- and 4-methyl-substituted
fatty acids. It is believed that preen oil has many functions including protecting ker-
atin, providing antibacterial properties, acting as an odorant, as well as improving the
non-wetting properties of the feathers by reducing their surface energy and increas-
ing their contact angle with water. Jacob’s results show that depending on where
penguins reside, the preen oil composition and consequently the water-repellency
characteristics of these penguins are extremely different with the preen oil of cold
weather penguins being more hydrophobic [2].

It is clear that both the feather surface nano-structures and the preen oil com-
position depend the habitat of the penguin species and that the feathers with the
highest contact angle with water are found amongst the many species of cold-weather
penguins.

5 Theoretical modeling of heat transfer on superhydrophobic
surfaces

The combination of the hierarchical structure of the feathers along with low critical
surface tension of keratin and preen oil in these birds increases their contact-
angle with water and reduces their contact-angle hysteresis making the feathers
hydrophobic [28,29]. A number of different theories have been proposed to explain
the significant delay in the solidification time of water drops and the reduction of
the adhesion strength of the incipient ice formation on hydrophobic and super-
hydrophobic surfaces [11,13,15,30–32]. Nonetheless, the underlying mechanism of
the icephobicity of hydrophobic and superhydrophobic surfaces is still debated
[12,31,33–38].

Quéré and his coworkers believe that on hydrophobic surfaces, a droplet sits on
a composite surface of air and solid, and the presence of this insulating trapped air
layer reduces the adhesion and delays the freezing process by slowing the rate of heat
transfer [39]. Another study of icing behavior of superhydrophobic surfaces has been
done by Alizadeh et al. [40]. They showed that the icing delay on superhydrophobic
surfaces could be due to the lower probability of heterogeneous nucleation and the
reduction of water-solid interfacial area. Although some of these factors are likely to
be effective, the dominant physical mechanism that governs the anti-icing properties
of hydrophobic and superhydrophobic surfaces in general and penguin feathers in
particular is subject to some controversy.

Based on our experimental results, we believe that there is a strong correlation
between the start of freezing and contact angle. Our hypothesis is that, for droplets
on penguin feathers and other high contact angle surfaces, there is a further delay in
solidification resulting from a geometrical constraint on the heat flow. In other words,
as the contact angle of the droplet increases above 90◦, the curvature and shape of
the isotherms change (see Fig. 4) confining the conduction heat flow to a smaller
surface. We also believe that this is the most dominant factor in the delay of onset of
freezing, and a brief discussion on quantitative comparison between different factors
is presented in SI section.

To test our hypothesis, an approximate theoretical heat-transfer model was devel-
oped. In this model, we do not explicitly investigate phase change. Instead, we
interrogate the resulting temperature fields to determine when sufficient supercool-
ing has been achieved in the water droplets to initiate the nucleation of crystals. In
our model, the water droplet with initial temperature of T0 was approximated as a
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Fig. 4. Isotherms propagation inside droplets on hydrophilic and hydrophobic surfaces.
Schematic diagram of isothermal lines on droplets of contact angle smaller (left) and larger
(right) than 90◦.

Fig. 5. Geometrical parameters near the contact-line. Growth of isotherms on a droplet
placed on cold solid surface.

spherical cap with radius R and contact-angle ϕ as appeared in Figure 5. The change
in surface temperature, Tw, and convective heat losses to the air were assumed to be
negligible.

We should discuss the assumption of wall temperature to be constant and equal

to wall temperature here. For feathers, the value of thermal effusivity, (kρcp)
1/2

, the
product of thermal conductivity, k, density, ρ, and heat capacity, cp, is approximately
one-third that of water. As a result, the interface temperature between the droplet



1890 The European Physical Journal Special Topics

and the substrate will be closer to the temperature of the water than the surface.
By assuming the interface temperature to equal to the substrate temperature, we are
considering the worst-case scenario for droplet freezing as we are using an interface
temperature that is colder than what is actually experienced during the experiments.

To obtain the onset time of freezing, the observable growth of the isotherms at
the liquid–air interface, δ, was calculated as shown in Figure 5. In the vicinity of
the contact line, the quasi-steady two-dimensional heat transfer equation in a wedge
[41] was solved to determine the temperature field and surface heat flux near the
contact-line. The rationale is that the diffusion time scale near the contact line is
much shorter than the solidification time and hence a quasi-steady assumption is
justifiable. Following series of papers by Davis and co-workers (e.g., [41]), due to
the absence of fluid flow, the energy equation can be written as ∂T/∂t = α ∇2T
where α is the thermal diffusivity. In dimensionless form, this becomes ∂T/∂t =
αt0
δ2 ∇

2
T . The dimensionless pre-factor αt0/δ

2 is much larger than one for the case of
water. Therefore, Anderson and Davis [41] showed that one can solve a quasi-steady
conduction near the contact line to obtain the shape of the temperature distribution
there.

Now, we focus at the line perpendicular to the substrate and at the center of
the droplet. This is the location of symmetry for all of isotherms at every time,
which makes it a very useful for our approximation. At this symmetry line, change of
temperature with time is identical to semi-infinite body, L(t) ≈

√
αt. Therefore, as

a given temperature moves in this line with time, the entire isotherm corresponding
to that temperature moves with it. In our theoretical work, we have combined these
two approximations to find the onset of solidification near the contact line.

In order to obtain the movement of the isotherms with time, we recognize that
the point on the isotherm at the center of drop follows thermal diffusion principals
for semi-infinite body. From these assumptions, the time evolution of these constant
temperature lines can be estimated.

Under these conditions, the heat transfer equation simplifies to the Laplace’s
equation:

∇2T = 0 (1)

The local general solution of equation (1) in polar coordinates was found as follows
[42]:

T (r, θ) = rτ [Acos(τθ) +Bsin(τθ)] + Cθ +D, (2)

where τ , A, B, C, and D are constants of integration. The temperature at the wall
was fixed (θ = 0, T = Tw) and the air/liquid interface was assumed to be a perfect
insulator (i.e., heat loss at the edge is negligible, θ = ϕ, ∂T/∂θ = 0). Therefore, the
resulting temperature profile within the drop becomes:

T (r, θ) = Tw +Brτ sin(τθ) τ =
(m+ 1/2)π

ϕ
m = 0, 1, 2, . . . (3)

Equation (3) is the solution for the steady heat transfer in a wedge. However,
we need to obtain the time-dependent temperature profile to determine whether or
not the onset of freezing is delayed. Because of the symmetry, it is reasonable to
assume that at the centerline, the supercooling process is not affected by the presence
of a contact-line. Thus, the heat flux and temperature gradient on the centerline
were obtained using the unsteady one-dimensional heat conduction equation (i.e.,
the centerline acts as a part of a semi-infinite body). As shown in Figure 5, points
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(1) and (2) lie on the same isotherm, i.e., T1 = T2. As a result,

Tw +Brτ1sin(τθ1) = Tw +Brτ2sin(τθ2). (4)

Considering the polar coordinates of points (1) and (2), (r1 = δ, θ1 = ϕ)
and (r2 = r, θ2 = θ), equation (4) can be rewritten as

δτ sin(τϕ) = rτ sin(τθ). (5)

The heat conduction equation for a semi-infinite body indicates that the thermal
penetration depth is proportional to

√
αt, where α is the thermal diffusivity. Based

on the geometry presented in Figure 5, r =
√
L2 +R2, where L ≈

√
αt and R is the

contact radius of the droplet. Using non-dimensional time-scales and length-scales
(η = αt/R2, which is the Fourier number, and δ/R respectively), the dimensionless
location of different isotherms can be obtained as a function of time and contact angle

δ

R
=
√
η + 1

(
sin

(m+ 1/2)πtan−1√η
ϕ

) ϕ
(m+1/2)π

. (6)

In Figure 6, the variations of the dimensionless location on the surface of the drop,
δ/R, of the freezing point isotherm at T = 0 ◦C is presented for several different
contact angles as a function of dimensionless time, η. Here, δ/R = 0 corresponds
to the location of the freezing point isotherm at the contact-line. The three contact
angle values in Figure 6 (70◦, 100◦, and 120◦) correspond to the contact angle of water
droplet on glass, on a Humboldt feather, and on an Adelie feather, respectively. The
freezing point isotherm at the liquid–air interface progresses more slowly up the drop
with increasing contact angle. This observation demonstrates a strong correlation
between the contact angle and the rate of drop cooling. It also implies that the onset
of solidification for droplets on surfaces with large contact angles is delayed as the
fluid must first be supercooled well below zero before nucleation of ice crystals can
occur.

Nucleation rate can also affect the freezing time. To understand whether nucle-
ation rate effects are a primary or secondary cause of the observed freezing time delay,
the nucleation time was approximated for the glass surface and both the cold-weather
and warm-weather penguins. The nucleation time can be approximated as

tn ≈
1

JA (1− Φ)
, (7)

where J is the rate of nucleation per unit area, A is the wetted surface area under
the drop which we assume can be approximated by a truncated sphere, and Φ is the
porosity of the surface. The porosity of the glass is Φ = 0 and the porosity of the
feathers can be approximated from the contact angle of water on the feathers assum-
ing that θ = (1− Φ) θpreen + Φ(180◦). For the cold-weather penguins Φ ∼ 30%, while
for warm weather penguins Φ ∼ 10%. Thus, if we assume that the nucleation rate is
the same for all three cases, a delay of ∼2× is expected for the warm-weather penguin
feather compared to glass and ∼5× for the cold-weather penguin feather compared
to glass. These values are clearly much less than was observed experimentally (∼15×
and 35× respectively). As a result, it can be concluded that for feathers, the reduction
in the rate of droplet cooling is the primary cause of the observed freezing time delay
and not the reduction in nucleation sites associated with increased contact angle.

For further comparison to the experiments, a dashed line on Figure 6 is drawn
across the data at δ/R = 0.2. This is the location within the images of Figure 2
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Fig. 6. Theoretical modeling of heat transfer through the droplet of different contact angle.
Progression of solidified layer at the edge of the droplet versus time for surfaces of different
contact angle from hydrophilic to superhydrophobic. δ = 0 corresponds to the surface of the
substrate. At a constant time, the solidified layer ascended less along the drop’s liquid–gas
interface for drops of higher contact angle.

where the freezing front in the drop first becomes clearly observable for the case
of the glass substrate. Comparison of the time delay in the freezing onset using the
values obtained from the theoretical model (Fig. 6) and the experimental data (Fig. 2)
shows good agreement between the model and experiment. The time delay for the
freezing point isotherm to reach δ/R = 0.2 for cold weather penguin feathers was
2.5 times more than the warm weather penguin feather based on the analytical model.
From the experimental data, the ratio of average freezing time delay for cold weather
penguin feather to warm weather penguin feather was 2.1 times.

It should be noted that the model is intended to verify the effect of contact angle
and change in the profile of isotherms on the delay of freezing initiation and show the
overall trend on how these two phenomena are related. As explained in the SI section,
the small discrepancy between the model and experiment is primarily because in the
theory, the temperature at the wall is taken to be constant in order to solve the
heat transfer equation analytically. However, in reality, the temperature of the solid
is slowly changing, which affects the onset time of freezing.

6 Numerical simulation

A set of numerical simulations was carried out with COMSOL Multiphysics to obtain
the determining factors in the time delay of onset of freezing and to corroborate
our experimental and analytical studies. In these simulations, three different water
drops with initial temperature of 300 K were placed on a glass substrate at an initial
temperature of 250 K. Temperature profiles one second after droplet deposition are
presented in Figure 7. As in the analytical work in the previous section, phase change
was not considered in this model. Droplet A had the same contact area with the solid
surface as Droplet B but the contact angle was smaller than 90◦. As shown in Figure 5,
the freezing-point isotherm was found to advance further into the droplet with the
lower contact angle. A third droplet, Droplet C, was also studied. Droplet C had
the same contact angle as Droplet B, but a smaller contact area with the substrate.
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Fig. 7. Heat-transfer simulations for water droplets at 300 K for drops with different contact
angles and contact areas on a surface with temperature at 250 K at t = 1 s. Droplets A and
B have the same contact area with substrate but different contact angles, and droplet C has
the same contact angle as the droplet B but a smaller contact area. The spatial scales are
in millimeters.

Droplets B and C were found to show the same propagation rate of the freezing
point isotherm. This result was consistent with our theoretical analyses suggesting
the delay in solidification in the experiments was most likely due to the geometrical
constraint in the heat flow caused by the increase in contact angle.

As noted in the previous section, there is a disparity between the reported time
of initiation of freezing from the experiments and the values predicted from the the-
oretical modeling mainly due to the use of constant temperature boundary condition
to solve the energy equation. To understand the effect of varying temperature of the
substrate, we have plotted the temperature of the liquid near the triple contact-line
for Droplets A, B, and C with respect to time in Figure 8a using the simulation
results. For Droplet A, the temperature of the liquid near the substrate decreased
almost immediately by nearly 20 K and reached 263 K in less than 1 s. For droplets B
and C, the contact line temperature decreased to 290 K, but then took an additional
20 s to cool down to the same degree of supercooling. These results are consistent
with our theoretical analyses predicting a 17-fold increase in the onset of freezing for
droplet on cold-weather penguin feather compared to glass substrate. As a side note,
experiments showed that water does not freeze exactly at 273 K, and freezing usually
happened well below that. In our simulations, we assumed that freezing happens 10◦

below the freezing point (∼263 K).
The same set of simulations were performed (Fig. 8) for droplet of volume of 5µl

on a surface with the measured contact angles of cold and warm-weather penguins,
see Figure 3, to show the effect of contact angle on the solidification delay. The
results showed a 2.5 times delay in the start of freezing on cold-weather penguin
feather (θ = 120◦) compared to warm-weather penguin feather (θ = 100◦), which is
in excellent agreement with our theoretical (2.5×) and experimental (2.1×) data.
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Fig. 8. Temperature at the trijunction. (a) Temperature variation with time at the tri-
junction for three water droplets at 300 K with different contact angles and contact areas
on a surface with temperature at 250 K. The contact angle with the surface for these
three droplets, starting from the left, are 70◦, 120◦, and 120◦ respectively. (b) Change
in contact-line temperature with time for a droplet on warm-weather penguin θ = 100◦ and
cold-weather penguin θ = 120◦. Dashed line shows the onset of freezing at triple contact-line.

7 Discussion and conclusion

This work was inspired by the examination of penguins in their natural habitat and
the realization that penguins have the ability to completely prevent macroscopic ice
formation on their feathers. Our investigations reveal that the anti-icing properties of
penguin feathers are in large part due to the micro- and nano-porous surface texture
of their feathers and the low critical surface tension of the preen oil covering them
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make penguin feathers hydrophobic a property that is necessary but not sufficient.
The freezing of the drops must be slow enough that drops cannot adhere to the
feathers before rolling off.

An experimental and theoretical study was conducted to understand the solidifi-
cation delay on both cold and warm-weather penguin feathers and the results were
extrapolated to superhydrophobic surfaces in general. The results of experiments
showed that transition from instantaneous freezing and large footprints to delayed
solidification and less ice adhesion was possible using penguin feathers with cold
water feathers delaying ice formation by approximately sixty times compared to a
smooth surface and two times compared to a less hydrophobic, warm-weather pen-
guin feathers. The freezing times were found to directly correlate to the static contact
angle of the feather. Inspired by this observation, a theoretical model was developed
to explain the heat transfer delay with increasing in contact angle on any generic
water repellent surfaces, penguin feather or man-made superhydrophobic surface.
Our theoretical analysis and numerical simulation results confirm that, for higher-
contact-angle droplets, the inception of freezing was delayed. There are, however,
other factors that can contribute to the icephobicity of a surface including the insult-
ing air layer beneath the droplet and the scarcity of nucleation sites on the surface
amongst others, although it is our contention that those effects are less substantial
than the geometric delay presented here. The impact of these additional mechanisms
were not included in this model, and the evaluation of their impact remains to be
fully studied.

Supporting information available

The details of the gas chromatography/mass spectrometry (GC/MS) analysis of the
preen oils covering the feathers and a simple set of numerical simulation performed
to obtain the governing factors in the delay of ice formation as well as a discussion
on the relative importance of each of these factors.
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