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Soot Layer
Substrates are coated with a thin soot layer to create a superhy-
drophobic surface. To coat the surface, we hold a substrate in a
flame so that the soot particles form a spongy black soot layer
that makes the surface water repellent (Fig. 1B). The soot depo-
sition thickness can be controlled by varying the deposition time.
In our experiments, the average soot thickness is � 28 � 2 � m, as
determined through optical microscopy.

Mean Temperature Calculation
The thermographic images provide a surface temperature
(z = 0 ) as a function of time t and space. Given the axisymmetry
of these results, it is natural to cast the data in cylindrical coordi-
nates around the center of impact. Therefore, the spatially aver-
aged temperature over the footprint area—here approximated
by � r2

m —is calculated as

T (z = 0 ; t) =
1

� r2
m

∫ 2π

0

∫ rm

0

T (r ; z = 0 ; t)rdrd �: [S1]

Fig. S2 depicts the measured footprint temperature distribution
T (r ; z = 0 ; t) for the drop that is illustrated in Fig. 1 of the
main text. The surface temperature is warmest in the center and
decreases radially. The temperature also decreases with time,
denoted by curves with different symbols at different time steps
in Fig. S2. The spatially averaged temperature T (z = 0 ; t) that
corresponds to this drop is also plotted in Fig. S2.

Because the heat transfer process occurs over a sufficiently
short period, we model it as a one-dimensional, semiinfinite body
with a pulse boundary condition. With this simplification, the
process becomes a function of depth z and time t . Following
classic self-similar dynamics, the spatially averaged surface tem-
perature can be written as

T (z = 0 ; t) = Ts +
Q

ks � r2
m

√
� t=� s

: [S2]

Here ks and � s are the substrate thermal conductivity and diffu-
sivity, respectively, and Q is the impulse of heat transferred. To
calculate Q from experimental data, we use the 60ms of mea-
surements after the bounce to limit the influence of the longer-
time convective heat transfer.

Heat Transfer Mechanism
Heat can be transferred in three different modes: conduction,
convection, and radiation. In our analysis, we assume that con-
duction is the dominant mode. To support this assumption, we
compare the rates of heat transfer expected for the parameters
corresponding to the experiments. The rate of heat transfer in
each mode can be scaled as

_Qcond =
ksAdT

dx
�

ksA� T
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� tr

[S3a]

_Qconv = hA� T [S3b]

_Qrad = � A(T 2 + T∞2)(T + T∞)� T : [S3c]

Here T is a substrate temperature, T∞ is the ambient tem-
perature, h is the convection heat transfer coefficient [which
varies between 2 and 25 ( W

m2K4 ) for free convection of gases], and

� = 5 :67� 10−8 ( W
m2K4 ) is the Stefan–Boltzmann constant. In our

experiments, ks = 1 :02� 0:15 ( W
m�K ), � s = 4 :53 � 10−7 � 0:98�

10−7 m2

s
, maximum T = 310 ◦K, and T∞ = 295 ◦K. In addition,

tr varies between 10 ms and 14ms for drops used in our exper-
iments. To confirm that conduction is the dominant mode, in
the following example, we calculate the ratios of heat convection
and radiation to conduction for a glass substrate (ks = 1 :02 W

m�K ,
� s = 4 :53 � 10−7 m2

s
) at the maximum temperature T = 310 ◦K

for a residence time of 15ms, assuming a free convection coeffi-
cient h = 25 W

m2K4 :
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Because these ratios are much less than unity, convection and
radiation effects are negligible relative to conduction, and it is
reasonable to neglect them in our analysis.

Material Properties
Table S1 includes material properties used in the calculation
of M .

Hydrophobic and Hydrophilic Feather
The duck feather (Fig. 5A) in our study is naturally superhy-
drophobic (Fig. S3A) and an impacting water drop bounces off
the surface. The same feather can be made superhydrophilic by
an air plasma treatment (38) and an impacting water drop will
stick and spread along the surface (Fig. S3B). Scanning elec-
tron microscopy reveals the barbed hierarchical structure that
is typical in veined feathers (Fig. 5B) and responsible for the
geometric component of the superhydrophobicity and superhy-
drophilicity. Before the cold drops impact the surface (t < 0), the
feather is at ambient conditions, with a temperature T � 24◦C
(Fig. S3C). Once the drops impact the top, outer surface of the
feather, the temperature of the bottom, inner surface begins to
cool. For both the superhydrophobic and superhydrophilic con-
ditions, the millimeter water drops are the same temperature
T` � 13◦C and fall one after another with the same separation
time dt = 0 :6 s. Yet when the drops stick on the surface, the tem-
perature on the bottom of the feather is lowered noticeably more
(� T = 8 :45◦C) than when the drops bounce off the feather
(� T = 2 :65◦C). It is noteworthy that even though the temper-
ature reaches a steady state, the temperature variability around
this steady state is larger when the feather is superhydrophobic
than when it is superhydrophilic. Closer inspection reveals that
this variability is due to a periodic temperature fluctuation with
the same period as the separation between the drops dt (Fig.
S3C, Inset). This temperature periodicity can be interpreted as
follows: Each drop removes heat during its 10-ms residence time
and the temperature is lowered over a 100-ms timescale from dif-
fusive conduction between the top and the bottom of the feather.
Because the feather temperature is below the ambient tempera-
ture, it begins to draw in heat from the surroundings and warm up
until the process repeats from the impact of the next cold drop.

Experimental Setup for Cooling from Multiple Drops with
Heated Feather
The experimental setup used to measure the aggregate cooling
of drops dripping on a heated feather is shown in Fig. S4. To
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Fig. S3. Heat transfer by cold water drops impacting a feather. (A) A water drop beads up on the feather, illustrating natural superhydrophobicity. (B) Air
plasma irradiation of the feather changes it from being superhydrophobic to superhydrophilic. Here reflections barely can be seen on the surface of a water
drop that has completely spread over the now superhydrophilic feather. (C) The temperature throughout a 3-min period measured under a superhydrophobic
feather and superhydrophilic feather both subjected to a stream of cold (≈13 �C) water drops. Here the time between each falling water drop is 0:6 s.

Fig. S4. Experimental setup to measure the aggregate cooling of different-sized drops dripping on a heated feather. This experimental setup includes (1)
suspended feather with clamp, (2) two dispensing needles (different gauges) connected to syringes filled with water, (3) double syringe pump, (4) high-speed
camera, (5) heat gun, and (6) thermal camera. Here the experiment is conducted outdoors so that the drops are at the ambient temperature of T` = 3:9 �C.
The same setup was used inside the laboratory to collect the measurements illustrated in Fig. 5 of the main text.
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Fig. S5. Cooling from different-sized ambient-temperature drops onto a warmed feather conducted outdoors at a chilly ambient temperature of Tatm =
3:9 �C. (A) A heat map shows the temperature underneath the warmed feather averaged over a 6-s period. During this period, the two streams of water
drops that bounce on the top side of the feather lead to local cooling. The locations of the stream of large drops (left), the stream of small drops (right), and
a midpoint in which there are no drops (center) are shown. (B) The temperature within each of these locations is plotted for the 30 s before the drops begin
falling through the steady dripping that lasts for over 30 s and for a few seconds after the dripping stopped. The mild wind in the outdoor environment likely
contributed to some of the larger temperature fluctuations.

Table S1. Liquid and substrate properties of the materials used
in the experiments
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Water 998 4,183 0:59 1:44 × 10�7 —
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Glass 2,512 897 1:02 4:53 × 10�7 1:0
Rubber 1,407 1,376 0:19 0:98 × 10�7 2:6
Wood 559 1,644 0:15 1:63 × 10�7 4:2
Air 1:2 1,007 0:03 219 × 10�7 290

Here the density �, specific heat cp, thermal conductivity k, and thermal
diffusivity � are reported. M corresponds to the material dimensionless
group between the substrate and water, as defined in the text. Values are
obtained from direct measurement and the literature (33, 42–44). —, pro-
perty is meaningful only for the substrates.
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