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Reducing the contact time of a bouncing drop

James C. Bird*, Rajeev Dhiman?*f, Hyuk-Min Kwon?* & Kripa K. Varanasi’

Surfaces designed so that drops do not adhere to them but instead
bounce off have received substantial attention because of their
ability to stay dry'™*, self-clean®~” and resist icing®'°. A drop strik-
ing a non-wetting surface of this type will spread out to a maximum
diameter''™'* and then recoil to such an extent that it completely
rebounds and leaves the solid material'>"'*. The amount of time that
the drop is in contact with the solid—the ‘contact time’—depends
on the inertia and capillarity of the drop’, internal dissipation'® and
surface-liquid interactions®*>. And because contact time controls
the extent to which mass, momentum and energy are exchanged
between drop and surface®, it is often advantageous to minimize it.
The conventional approach has been to minimize surface-liquid
interactions that can lead to contact line pinning***; but even in
the absence of any surface interactions, drop hydrodynamics imposes
a minimum contact time that was conventionally assumed to be
attained with axisymmetrically spreading and recoiling drops®"**.
Here we demonstrate that it is possible to reduce the contact time
below this theoretical limit by using superhydrophobic surfaces
with a morphology that redistributes the liquid mass and thereby
alters the drop hydrodynamics. We show theoretically and experi-
mentally that this approach allows us to reduce the overall contact
time between a bouncing drop and a surface below what was previ-
ously thought possible.

Our experiments involve releasing a water drop (radius R = 1.33 mm,
velocity U= 1.2ms™ ") onto a superhydrophobic surface and filming
the bounce dynamics with high-speed cameras (Fig. 1). The surface used
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is a laser-ablated silicon wafer coated with fluorosilane, with chemical
hydrophobicity and microscopic texture ensuring its superhydropho-
bic character (Fig. 1ainset). On this surface, the impacting drop viewed
from the side (Fig. 1a) spreads to a nearly uniform film, retracts, and
then lifts off within 12.4 ms. Simultaneously acquired top-view images
show nearly axisymmetric dynamics throughout the process (Fig. 1b),
consistent with past experiments'>~'%. When the film is axisymmetric
and uniformly thick, the edge retracts inward at a constant velocity
and the centre remains stationary>>*® (Fig. 1¢). This retraction velocity
decreases with certain texture-liquid interactions (such as pinning),
increasing the contact time®~*. Theoretical models suggest that the
shortest contact time is on a surface with the sparsest texture necessary
to trap a thin layer of air’™**. As this limit is approached, the drop
dynamics become increasingly axisymmetric. Therefore, it is tacitly
assumed that the minimum contact time should occur for a drop that
recoils axisymmetrically with a centre that remains stationary until
engulfed by the retracting rim.

We explored as an alternative non-axisymmetric recoil, or centre-
assisted recoil. The basic idea is that if the hydrodynamics are altered
such that the drop retracts with the liquid near the centre assisting with
the recoil (Fig. 1d), contact time might be reduced further. To activate
the drop centre, we propose adding designed macrotextures to the non-
wetting surface to trigger a controlled asymmetry and non-uniform
velocity field (Fig. 1d) in the retracting film. The combination of faster
velocities in thinner film sections and smaller distances along certain
directions should reduce contact time below the axisymmetric case.

Figure 1 | A water drop bouncing
on a superhydrophobic silicon
surface. a, High-speed images of the
bouncing show that the drop
detaches from the surface after
12.4ms (drop radius R = 1.33 mm;
impact velocity U= 1.2ms " '). Inset,
electron microscopy reveals the
microscopic structure of the surface.
b, Simultaneous top-view images
demonstrate that the drop is nearly
axisymmetric throughout the
impact. ¢, The diagram portrays
typical axisymmetric recoil with
uniform retraction along the rim.

d, A diagram portraying an arbitrary
non-axisymmetric retraction in
which the centre of the film assists in
the recoil. e, Experimental evidence
that such a recoil is possible when
macrotexture (indicated by red
arrows) is incorporated into the
surface. For more details, see
Supplementary Video 1.
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The experimental demonstration of this concept uses an embossed
macrotexture (indicated by red arrows in Fig. 1e) with an amplitude
comparable to, but less than, the film thickness.

We promote non-axisymmetric centre-assisted recoil by spatially
varying the film thickness, which can cause the retraction velocity to
vary spatially. If the thickness & of the flattened drop were uniform,
the rim should retract axisymmetrically with speed®*® V =/2y/ph
(Fig. 2a, left), where v is the liquid-air surface tension and p is the
liquid density. However, if the thickness were not uniform, the retrac-
tion velocity would be faster in the thinner regions with less mass to
accelerate (Fig. 2a, right). As the faster retracting fronts move along the
peak of the macrotexture (ridge), the centre opens, fragmenting the
drop and decreasing the distance and time required for recoil.

We accordingly fabricated a superhydrophobic surface with two dis-
tinct length scales (Fig. 2b). The smaller length scale consists of hierar-
chical micrometre-scale and nanometre-scale features identical to those
used in Fig 1a, b, imparting superhydrophobicity with minimal pinning.
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Figure 2 | Non-axisymmetric recoil can shorten contact time. a, The
retraction speed of a film increases with decreasing thickness. Left and right,
diagrams of a macroscopically untextured surface and a macroscale textured
surface, respectively; top and bottom, top-view and side-view diagrams
illustrating how macroscale texturing can modify the thickness profile of
the drop, leading to variations in recoil speed (indicated by the length of
the arrows). b, As shown in these SEM images, we have fabricated a silicon
surface with both submicrometre roughness and structure on a macroscopic
(~100 um) scale by laser ablation. ¢, When a drop impacts the surface with
the macroscopic structure, it moves rapidly along the ridge as it recoils.

d, Simultaneous high-speed images captured from the side reveal that the
overall contact time is reduced by 37% to 7.8 ms. For more details, see
Supplementary Videos 2, 3.
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The larger length scale consists of macroscopic features approaching
the length scale of the film thickness & (Fig. 2b) for modifying the retrac-
tion hydrodynamics. The macrotexture height z varies as z = a sin"(x/4),
where x is the horizontal distance, a = 150 pm, n = 100 and 4 = 4 mm
(see Methods).

Top-view images of a drop recoiling on the macrotexture show
faster retraction along the ridge than in other directions (Fig. 2c).
This variation in speed breaks the radial symmetry of the recoiling
film, causing the liquid to move rapidly inward along the ridge such
that more of the film participates in the recoil. Note that the drop is not
split before impact, but divides during recoil as a result of the modified
hydrodynamics. Synchronized side-view images of this drop (Fig. 2d)
verify that the overall contact time is less than that on the same surface
without the macrotextures (Fig. 1b).

Previous experiments indicate that the drop contact time f, is inde-
pendent of the dimensionless Weber number, We (= pU’R/y); instead,
it scales with the inertial-capillary timescale™*', T = 1/ pR3 /7. To enable
comparisons, we therefore report our contact times relative to 7. The
minimum contact time for low-deformation impact (We < 1) can be
approximated by the lowest-order oscillation period for a spherical
drop¥, t./t=m/\/2=2.2. For large-deformation impact (We > 1),
the contact time is similar even though the dynamics are distinctly
different’. Indeed, to the best of our knowledge, every past experiment
documenting a drop bouncing on passive surface—including Leidenfrost
drops**—has reported a contact time greater than t./t = 2.2 (Extended
Data Table 1), which translates to between 12 and 13 ms in our experiments.

A typical way to convey drop impact dynamics is to plot the radius
of the wetted area as a function of time (Fig. 3a). Because of symmetry
about the ridge, we find it most instructive to track the motion of the
film perpendicular to the ridge, using the same axis when tracking
the drop on the control surface. Inspection of the dynamics on the
control surface (filled red squares in Fig. 3a) indicates that the drop
first spreads to 2.5 times its initial radius and then recoils at a nearly
constant rate, slowing down slightly when the flattened drop can no
longer be approximated by a thin film (/R = 1). At dimensionless time
t/t = 2.2, the wetting radii in opposing directions contact, and the drop
leaves the control surface.

The dynamics for the macrotextured surface are slightly more com-
plex. The drop initially spreads over a time T = 0.63 and then begins
to recoil (black filled circles in Fig. 3a). During the next time interval
T}, the film recoils along the ridge faster than it recoils perpendicular to
the ridge, splitting into two drop fragments (Fig. 2c). At this point, the
outer rim of the initial drop continues to recoil inward while the newly
formed inward rim recoils outward. This combined inward and out-
ward recoil continues over the time interval T,. At dimensionless time
t/t = 1.3, one of the fragments lifts off the surface and at ¢/t = 1.4, the
remaining fragment lifts off. We denote the difference in contact time
on the two surfaces as AT.

One might be tempted to rationalize this reduction, AT, by modi-
fying the radius in the theoretical scaling to reduce the drop volume by
half. However, this approach is not physically appropriate because the
drop splits after it has spread out (Fig. 2¢). Therefore, the film thickness
depends on the initial radius, as opposed to the reduced radius (Sup-
plementary Information, Extended Data Fig. 7). A better approach
is to estimate AT using a hydrodynamic model that combines thin-
film retraction, conservation of mass, and variations in film thickness
due to the macrotexture. First, we note that the axisymmetric dimen-
sionless retraction time on the control surface can be expressed as
T, =T, + T, + AT = 11,5/ V1, where 7,5 is the maximum wetting
radius and V is the average retraction velocity. Next, we approxi-
mate the ridge dewetting time as T} = rp,,/(V,1), where V,, is the
retraction velocity along the peak of the macrotexture. Finally, we
estimate the interval over which the fragmented drops retract as
T, = (fmax — VT17)/(2V7). Here we have assumed the velocity of the
outward rim and the newly-formed inward rim to be equal to each
other and to the velocity of the axisymmetric control film. This
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Figure 3 | The effect of macrotexture on drop impact dynamics and contact
time. a, Plot of the contact line position (7; see inset) of a water drop impacting
the control surface in Fig. 1 (red squares) and the macrotextured surface in
Fig. 2 (black circles). The shaded regions highlight the various timescales

(T, Ty, T, AT) relevant to our model. See text for details. b, Unlike the solely
micro-nanotextured surfaces, the contact time of a drop on the macrotextured
surface (indicated by black dots) depends on where it lands along the
periodic macrotexture (indicated by the thick line at the bottom). The average

approximation is reasonable, given our expectation of nearly uniform
film thickness (~h), with the exception of the top of the ridge. Thus
the thin-film retraction speed away from the ridge is approxi-
mately V=4/2y/(ph), and the speed on the macrotexture peak is

Vp=+/(2y)/[p(h—a)], where a is the macrotexture amplitude. After
noting that mass conservation requires (4/3)nR> p~nr2_ hp, the pre-

VB

6 a
vious expressions combine to reveal that AT~ o 1—4/1— Mk If

there is no macrotexture (a = 0), then there is no contact time reduc-
tion (AT =0). If the macrotexure amplitude is equal to or greater than
the film thickness (a = h), then the hydrodynamic model predicts a
contact time reduction of Af. = 0.47.

As Fig. 3 reveals, the model provides the correct order of magnitude,
but underestimates the actual reduction by a factor of ~2. This differ-
ence is due to assumptions that are visible in Fig. 3a. First, the retraction
velocity is slower than predicted®** when the thin-film assumption
breaks down. Second, the velocities of the inner and outer fronts are
different, because the film thickness is not uniform. Last, the film away
from the ridge spreads out further than the film on the ridge (Fig. 2¢),
resulting in an over-prediction of T and under-prediction of AT.
Nevertheless, the model elucidates the mechanism that reduces the
overall contact time.

Careful inspection of Fig. 3a reveals that the two fragments leave the
surface at slightly different times because the drop impacts the ridge
slightly off-centre. At larger deviations from the ridge, this difference
between the fragment lift-off times is more pronounced, increasing the
overall contact time. The dimensionless contact times ¢/t are reported
for various landing locations along the periodic macrotexture x/4
(Fig. 3b). The contact time is shortest when the drop impacts directly
on the ridge, increasing as the drop lands further away from the ridge,
and then decreasing as the drop approaches the next ridge. By aver-
aging over the wavelength, we find that the mean contact time over the
entire surface is t./t = 1.6 with standard deviation ¢ = 0.2, a time
significantly shorter than that on the control surface (Fig. 3b). For
comparison, a drop under identical conditions contacted a lotus leaf
for t./t =2.3 and a micropillar array for t/t= 3.2 (Fig. 3b; Sup-
plementary Video 3).

To confirm that the reduction in contact time is a result of the
macrotexture geometry, and therefore a general phenomenon, we fab-
ricated similar macrotextures in aluminium and copper by milling

contact time over the entire surface is shorter than that of non-macrotextured
surfaces (error bars denote one standard deviation). The filled symbols
depict the contact time on various superhydrophobic surfaces, including a
micropillar array, a lotus leaf, and a control surface. ‘Theoretical limit’ refers to
t/t = 2.2 as discussed in the text. The elapsed time t and contact time f. are
made non-dimensional by dividing by t=/pR? /7, the radius r is normalized
by the drop radius R, and the distance along the surface x is normalized by the
macrotexture wavelength A.

ridges followed by microtexturing and coating with fluorosilane
(Fig. 4a, b; Extended Data Figs 4, 5). The recoil dynamics are similar
to those obtained on the macrotextured laser-ablated silicon surface
(Fig. 2; Fig. 4a, b).

We have searched to see if a similar system might exist in nature. We
discovered that both the wings of the Morpho butterfly (Morpho didius)
and the leaves of the nasturtium plant (Tropaeolum majus L.) have
multiple superhydrophobic ridges, or veins, on a similar scale to our
macrotextured surfaces. We find that centre-assisted recoil extends to

Figure 4 | Recoil dynamics generalize to a wide range of materials and
microtextures. The figure shows top-view images of droplets impacting
various surfaces; the SEM images of their respective microtextures are shown in
the rightmost column. a, Anodized aluminium oxide with a milled macroscopic
texture, pitted microtexture and a fluorinated coating. b, Etched copper oxide
with a milled macroscopic texture, spiked microtexture and a fluorinated
coating. ¢, A vein on the wing of a Morpho butterfly (M. didius). d, A vein on a
nasturtium leaf (T majus L.). e, For comparison, the same drop on a lotus leaf
exhibits axisymmetric recoil. For all cases, We = 30. For more details, see
Supplementary Video 4.
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these surfaces as well (Fig. 4c, d; Extended Data Fig. 6), and that the
overall drop contact time is significantly reduced from that of impact
on macroscopically smooth surfaces, such as the lotus leaf, often con-
sidered the ‘gold standard’ of superhydrophobic surfaces (Fig. 4e).
Further studies are needed to determine if there are any advantages
for certain biological surfaces to contain these structures.

Although we have focused on a specific macrotexture that creates
two distinct retraction velocities, centre-assisted recoil can occur for
other macrotextures that modify the retraction hydrodynamics (such
as Fig. 1e). These surfaces can be designed to reduce the drop contact
time relative to other significant timescales, such as freezing. Indeed,
molten tin drops impacting such surfaces are able to bounce off the
surface before solidification (Supplementary Information, Extended
Data Figs 1, 2, 3) and we expect that this approach could be extended
to surfaces exposed to freezing rain to prevent icing. The new class of
non-wetting surfaces that we present here could be useful for applica-
tions where staying dry under drop impingement is beneficial®'****.

METHODS SUMMARY

The contact time of bouncing drops was obtained from the sequence of simultaneous
top- and side-view images of drop impact captured by two high-speed cameras.
The control and macrotextured ridge silicon surfaces were fabricated by ablating
the surface using a Nd:YAG laser. The textured aluminium surface (Extended Data
Fig. 4) was fabricated by milling ridges in aluminium and then performing a two-
step anodization process consisting of polishing and etching. The textured copper
oxide surface (Extended Data Fig. 5) was fabricated by milling ridges in copper and
then treating with sodium hydroxide solution. All of the surfaces were coated with
fluorosilane to render them superhydrophobic.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

Drop bouncing and imaging. Simultaneous top and side views of drop impact
were captured with two high-speed cameras, each filming at a minimum of 10,000
frames per second. A combination of high-speed cameras (Photron S1, Phantom
v7 and Colour Phantom v5) were used in these experiments. The drops were
released from a needle at a fixed height above the surface. The size of the drop,
the impact velocity and the contact time were calculated directly from the high-
speed images for each trial.

Laser-ablated silicon surfaces. Control surfaces were fabricated by irradiating
silicon surfaces with 100-ns pulses at a repetition rate of 20 kHz from an Nd:YAG
laser at 1,064 nm wavelength and 150 W maximum continuous output. The sur-
face was kept normal to the direction of the incident beam. Desired patterns were
produced by rastering the laser beam with multiple steps. After coating with
trichloro(1H,1H,2H,2H-perfluorooctyl)silane, the surface became superhydro-
phobic with an advancing contact angle of ~163° and a receding contact angle
of ~161°. These surfaces (control) display minimal pinning, as indicated by the
extremely low contact angle hysteresis, ~2°.

The ridge surface was designed such that the height varies as z = a sin"(x/4),
where x is the horizontal distance and a, n and / are constant parameters. The
values of these parameters were selected as 2 = 4 mm (to allow the drop to interact
with one or two peaks regardless of impact locations), a = 150 um (to provide a
feature amplitude large enough to influence the film thickness /) and n = 100 (to
restrict the full-width at half-maximum of the texture to 300 um, a value small
enough not to significantly influence the film thickness / away from the peak).
Silicon micropillar surface. The silicon micropillar array used in the experiments
was fabricated using standard photolithography processes. A photomask with
square windows was used and the pattern was transferred to photoresist using
ultraviolet light exposure. Next, reactive ion etching in inductively coupled plasma
was used to etch the exposed areas to form micropillars (each micropillar was
10 pm square with 10 pm height and was separated from the next pillar by 5 pm).
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane was coated onto the micropillars
using vapour-phase deposition to render the surface superhydrophobic (advan-
cing contact angle ~165°, receding contact angle ~132°).

Anodized aluminium oxide surface. The anodized aluminium oxide (AAO)
surface was prepared by a two-step anodization and etching process. A 40 mm
X 40 mm square and 5 mm thick piece of aluminium (grade 6061) was milled in a
CNC machine to have ridges of 100 pm height and 200 pm width, as shown in
Extended Data Fig. 4a. The surface was then thoroughly cleaned by first sonicating
in acetone followed by rinsing with ethanol and distilled water and drying with
nitrogen. The surface was first electropolished with a mixture of perchloric acid
and ethanol (in a ratio of 1:3, respectively) for 20 min at 20 V and 100 mA. During
this process, the mixture was stirred and maintained at 7 °C with the help of a
stirrer plate. The surface was then washed several times with distilled water and
then dried using nitrogen. After electropolishing, the surface was anodized with
phosphoric acid for one hour at 40 V while the acid was continuously stirred and
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maintained at 15 °C. The surface was again thoroughly washed with distilled water
and dried with nitrogen. The surface was then ready for etching, which was done
with a mixture of chromic and phosphoric acids that were dissolved in distilled
water in a proportion of 1.6 wt% and 6 wt%, respectively. The etching was done for
45 min while the mixture was maintained at 65 °C and continuously stirred. After
this step, the surface was thoroughly washed with distilled water, dried with
nitrogen and kept overnight in a refrigerator. The etching step was repeated at
the same conditions for 2 h. Finally, the surface was cleaned thoroughly with dis-
tilled water and dried with nitrogen. SEM images (Extended Data Fig. 4b, c) of the
anodized surface reveal that it has a hierarchical structure consisting of micropits
(~ 10-50 pm) and nanometre-scale pores (~50-100 nm). A drop of water placed
on the surface spread completely, indicating that the surface was superhydrophilic.
To render the surface hydrophobic, it was coated with trichloro(1H,1H,2H,2H-
perfluorooctyl)silane using vapour-phase deposition. To characterize the hydro-
phobicity, contact angles were measured with a goniometer and found to be about
159° (advancing) and 157° (receding), indicating the surface was superhydropho-
bic with minimal pinning.

Copper oxide surface. The 100 um high and 200 pm wide ridges were milled on a
copper block, as for the AAO surface. Then, the following steps® were carried out
to fabricate spiky nanostructures on the surface. The milled copper plate was
ultrasonically cleaned in 3 M hydrochloric acid for 10 min, and rinsed with deio-
nized water. Then, the plate was treated in a 30 mM sodium hydroxide solution,
kept at 60 °C, for 20 h, followed by multiple rinses with deionized water and drying
with nitrogen. The treated surface shows spike-like nano-scale textures, shown in
Extended Data Fig. 5. Then, the surface was coated with trichloro(1H,1H,2H,2H-
perfluorooctyl)silane using vapour-phase deposition to render it superhydrophobic.
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Extended Data Figure 1 | Impact of molten tin droplets (250 °C) on below the droplet freezing point. In both cases, the droplets are able to bounce
microscopically textured silicon substrates without (top row) and with off the substrate.

(bottom row) macroscopic ridges. The substrate temperature is 150 °C, 82 °C
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Extended Data Figure 2 | Impact of molten tin droplets (250 °C) on macroscopic ridge, it is able to bounce off in 6.8 ms, whereas when impact is not
microscopically textured silicon substrates without contacting (top row) on the ridge, the droplet is arrested owing to solidification. For more details, see
and contacting (bottom row) a macroscopic ridge. Here the substrate is Supplementary Video 5.

maintained at 125 °C (a subcooling of 107 °C). When the droplet hits the
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Extended Data Figure 3 | Impact of molten tin droplets (250 °C) on significantly large subcooling (~182 °C) is needed to arrest the droplets on the
microscopically textured silicon substrates without (top row) and with ridge surface. Droplets impacting the surface without ridges (maintained at
(bottom row) ridges. Droplets impacting the ridge surface continued to 50 °C) is arrested owing to solidification.

bounce off until the substrate was cooled to about 50 °C, indicating that a
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Extended Data Figure 4 | Images of AAO substrate surface at different 5mm. b, Magnified SEM image of a single ridge showing micropits; scale bar,
magnifications. a, Top view of the anodized aluminium oxide (AAO) surface ~ 100 um. ¢, Further magnified SEM image showing nanoscale pores; scale bar,
showing the macro-scale ridges (height ~100 pm, width ~200 um); scale bar, 1 pm.
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Extended Data Figure 5 \ Images of copper oxide substrate surface at macro-ridge (height ~100 pm, width ~200 um); scale bar, 100 pm. b, A
different magnifications. a, SEM image of the copper oxide nano-textured magnified image, showing spiky nano-textures; scale bar, 1 pm.
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Extended Data Figure 6 | SEM images of naturally occurring surfaces at (M. didius); b, a vein on a nasturtium leaf (T. majus L.). Scale bars in a left to right;
different magnifications. a, A vein on the wing of a Morpho butterfly 200 pum, 50 pm and 1 pum: scale bars in b left to right; 200 pm, 10 pm and 2 pm.
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Extended Data Figure 7 | Droplet splitting and contact time. a—c, Diagrams of the ridge case (a), the simplistic case where a droplet splits before impact (b), and
the generalized (n-split parts) ridge case (c).
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Extended Data Table 1 | Experimental contact time of bouncing drops from past studies

LETTER

Study Droplet Radius Contact Contact time | Ref.
(mm) time (ms) | (dimensionless)

Wachters & Westerling (1966) | water on hot solid 1.15 11.1 24 28
Richard & Quéré (2000) water 0.4 2.6 3 15
Aziz & Chandra (2000) molten tin 1.35 13 2.3 32
Richard et al. (2002) water 0.1-5 0.3-50 2.6 1
Clanet et al. (2004) water 1.25 13.5 2.6 12
Bartolo et al. (2005) water 1 16 4 20
Legendre et al (2005) toluene in water 1.3 28 3.0 33
Bartolo et al. (2006) water 1 15 4 16
Reyssat et al. (2007) water 1.2 13£2 3 34
Jung & Bhushan (2008) water 1 16 4 35
Brunet et al (2008) water 1.35 23 4.0 36
Tuteja et al (2008) hexadecane 0.72 350 110 37
Tsai et al. (2009) water 1 12.5 3 38
Reyssat et al. (2010) water 1.15 13 2.8 21
Mishchenko et al. (2010) water 1.5 20 2.9 8
Lietal. (2010) water 1:35 14.9-22.3 2.5-3.8 22
Zou et al. (2011) water on water 0.86-2.33 15-62 4.8% 39
Kwon & Lee (2012) water 0.022 0.032 2.6 40
This paper water 1.3 7.8 14

§ Liquid impact

on liquid. All other

studies liquid drop

impacts solid
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CORRECTIONS & AMENDMENTS

ERRATUM
d0i:10.1038/nature12895

Erratum: Reducing the contact

time of a bouncing drop

James C. Bird, Rajeev Dhiman, Hyuk-Min Kwon
& Kripa K. Varanasi

Nature 503, 385-388 (2013); doi:10.1038/nature12740

In this Letter, the ‘received’ date should have been 29 June 2012, rather
than 29 June 2013. This has been corrected online in the HTML and
PDF versions of the paper.
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