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The air entrapment under a drop impacting
on a nano-rough surface†

Kenneth R. Langley, *a Er Qiang Li, ab Ivan U. Vakarelski a and
Sigurdur T. Thoroddsen a

We study the impact of drops onto a flat surface with a nano-particle-based superhydrophobic coating,

focusing on the earliest contact using 200 ns time-resolution. A central air-disc is entrapped when the

drop impacts the surface, and when the roughness is appropriately accounted for, the height and radial

extent of the air-disc follow the scaling laws established for impacts onto smooth surfaces. The

roughness also modifies the first contact of the drop around the central air-disc, producing a thick band

of micro-bubbles. The initial bubbles within this band coalesce and grow in size. We also infer the

presence of an air-film residing inside the microstructure, at radial distances outside the central air-disc.

This is manifest by the sudden appearance of microbubbles within a few microseconds after impact.

The central air-disc remains pinned on the roughness, unless it is chemically altered to make it super-

hydrophilic.

1 Introduction

Drop impacts on solid surfaces are fundamental to many
natural and industrial processes. Examples include raindrops
impacting on pavement or plant leaves, spray coating and
cooling, and ink-jet printing of organic displays.1,2

As a drop approaches a solid surface, the air beneath the
drop center is unable to escape, and the resulting pressure rise
in the air is sufficient to deform the drop, ultimately entrapping
a thin disc of air as the drop makes contact with the surface
along a ring. This air entrapment can have a detrimental effect
on the uniformity and conduction in a solidified coating,3,4 and
its early dynamics have been studied extensively for more than
2 decades revealing a better understanding of this phenomenon
as experimental,5–11 theoretical and numerical12–16 capabilities
have improved. Some studies use a combination of these
techniques such as Bouwhuis et al.17 who used experiments,
theory, and numerics to study the maximal air entrapment under
an impacting drop noting that the maximum occurs in the
transition from a surface tension dominated regime to an inertia
dominated regime.

Of particular interest are the results of Mandre, Mani and
Brenner,14 who looked at the role of the compressibility of the
intervening air layer and its role in determining the size of

the central dimple. The compressibility of the gas causes a
reduction in the height of the central air disc and should
be accounted for when the compressibility parameter e�1 is
significantly larger than 1,

e�1 ¼ 1

Patm

r‘
4V7Rb

mg

 !1=3

4 1; (1)

where r is the density of the fluid, V is the impact velocity,
Rb is the bottom radius of curvature of the droplet, m is the
dynamic viscosity and Patm is the atmospheric pressure. Properties
of the liquid and the gas are denoted by a subscript c and g,
respectively. Hicks and Purvis15,16 studied the radial extent of the
entrapped air disk, Lo, and found that it is invariant to the effects
of compressibility at atmospheric pressure,

Lo ¼ 3:8
4mg
r‘V

� �1=3

Rb
2=3; (2)

which was verified by Li and Thoroddsen11 in time-resolved
experiments at Patm. However, at significantly reduced ambient
pressure Li et al.19 showed significant reduction in Lo.

Many of the early studies were preformed for idealized cases,
using low viscosity or inviscid drops and impacting onto
perfectly smooth surfaces. The impact dynamics for even these
idealized conditions can be quite complex such as noted by
Kolinski et al.20 who used total internal reflection microscopy to
study a thin layer of air, less than 100 nm thick, upon which
the low-impact-velocity drop skates as it spreads laterally.
Conditions in real applications can be much more complex,
thus it is important to understand how such complexities affect

a Division of Physical Sciences and Engineering, King Abdullah University of Science

and Technology (KAUST), Thuwal, 23955-6900, Saudi Arabia.

E-mail: kenneth.langley@kaust.edu.sa
b Department of Modern Mechanics, University of Science and Technology of China,

Hefei 230027, China

† Electronic supplementary information (ESI) available. See DOI: 10.1039/c8sm01070f

Received 24th May 2018,
Accepted 22nd July 2018

DOI: 10.1039/c8sm01070f

rsc.li/soft-matter-journal

Soft Matter

PAPER

http://orcid.org/0000-0001-6999-8727
http://orcid.org/0000-0002-5003-0756
http://orcid.org/0000-0001-9244-9160
http://orcid.org/0000-0001-6997-4311
http://crossmark.crossref.org/dialog/?doi=10.1039/c8sm01070f&domain=pdf&date_stamp=2018-07-30
http://rsc.li/soft-matter-journal


This journal is©The Royal Society of Chemistry 2018 Soft Matter, 2018, 14, 7586--7596 | 7587

the scaling laws proposed in the literature. Some studies have
already begun adjusting parameters yielding unexpected
results such as the remarkable gliding of the drop on a thin
air layer and extreme wetting seen in the impact of ultra-viscous
drops18 and double contact of the drop with the substrate due
to rarified gas effects.19

While studying the rebound of drops from hydrophilic
surfaces, Kolinski et al.21 first noted the importance of the
nanometer scale roughness. They found that single asperities
on otherwise smooth surfaces that were thicker than the
cushioning air film could cause the premature rupture of the
air film thus preventing rebound.

Li, Vakarelski and Thoroddsen22 reported that nano-scale
roughness can have an effect on the entrainment of micro-
bubbles at the location of first contact. In their study they noted
that impacts on microscope slides with an RMS roughness,
Rq, of 2 nm was sufficient to form a faintly visible ring of
microbubbles at the location of ring contact between a water
drop and the glass substrate while impacts onto microscope
slides with Rq = 7 nm had noticeably more bubbles entrained,
while impacts on molecularly smooth mica had no visible micro-
bubbles entrained.

The overall effects of surface roughness particularly as it
relates to superhydrophobic surfaces have been intensively studied
due to the potential for drag reduction,23,24 self-cleaning surfaces25

and prevention of icing of aircraft wings,26 among others. Typically,
superhydrophobic surfaces are created by a natural or tailored
texture or pattern, such as an array of micro-pillars or ribs,
imprinted on the surface and then coating the surface with a
hydrophobizing agent, if necessary. Drop impacts onto regular
micropillar arrays have been studied to better understand
the macro-dynamics of bouncing, sticking and splashing,27–33

the heat transfer characteristics,34,35 and how the micropillars
affect the formation of the central dimple as the droplet
approaches the surface.36–38

Tsai et al.36 looked at impacts onto micropillars and noted
that a central bubble was entrapped and the droplet penetrated
the micropillars to fully wet the surface in the region around
the central bubble for high Weber numbers. Van der Veen
et al.37 varied the height, width and spacing of the micropillars
and concluded that the height of the micropillars has little
effect on the height and radius of the entrapped air disc, but as
the packing density of the pillars increases, the height of the
dimple with respect to the bottom of the pillars increases as
well. This is mainly due to the potentially trapped air not being
able to easily escape between the pillars. Similarly, Hicks and
Purvis38 theoretically studied inviscid drop impacts onto porous
surfaces using micropillar arrays as an analog for the porous
surface. They reported that as the substrate permeability
increased, the radial extent and disc height were decreased.

In this study, we investigate the effects of surface roughness
generated by a superhydrophobic nano-particle coating
(Rq B 70–140 nm) on the early dynamics surrounding the first
contact of a drop with a solid surface in the vicinity of the
central entrapped air disc using ultra-high-speed interferometry.
This reveals the formation of a thick band of microbubbles that is

entrained near the area of first contact and contains a range of
bubble sizes and distributions. Our time-resolved imaging also
reveals three basic mechanisms for microbubble formation.

2 Experimental setup

The experimental configuration is shown in Fig. 1. Large
droplets of deionized water from a Milli-Q system with a
spherical equivalent radius of 2.8 mm were released from an
adjustable height nozzle. The release height was varied between
4–79 cm resulting in measured impact velocities between
0.66–3.90 m s�1. The corresponding standard non-dimensional
quantities are as follows: the Reynolds number,

Re ¼ r‘VRb

m‘
� 1800�23000; (3)

the Weber number,

We ¼ r‘RbV
2

s
� 16�1200; (4)

where s is the surface tension, and the Stokes number as defined
in the recent studies,‡

St ¼
mg

r‘VRb
� 8� 10�7 � 1� 10�5: (5)

Fig. 1 Schematic of the experimental setup. A drop was formed quasi-
statically at an adjustable height nozzle fed by a syringe pump and pinched
off by gravity. The impact occurred on a microscope slide coated with
Glaco coating and was viewed from the bottom by a Kirana ultra-high-
speed camera and from the side by a Phantom v710. Illumination for the
Kirana was provided by pulsed laser diodes. Inset images show typical
views from each camera with the side view showing the variation in drop
shape due to oscillations. The scale bar in the bottom view is 100 mm long.
The inset line drawing defines various parameters used to characterize the
impact.

‡ Note that this definition of the Stokes number, often used in drop-impact
studies, is the inverse of the traditionally defined Stokes number.
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2.1 Imaging setup

To observe the dynamics at the point of contact we use a high-
speed interferometry setup as in our other recent papers.11,18,19,22

We use an ultra-high-speed camera (Kirana-05M, Specialized
Imaging) filming at up to 5 million frames per second with a
resolution of 924 � 768 pixels to view the impact through the
bottom glass slide. The camera was equipped with a long distance
microscope (Leica Z16 APO) with adjustable magnification yielding
a spatial resolution of 1.02 mm per pixel at maximum magnification.
A pulsed laser diode (SI-LUX640, Specialized Imaging) with
wavelength l = 640 nm provided illumination from above for
transmission interferometry, which also allows greater detail to be
seen near the contact between the drop and surface compared with
reflective interferometry.39 The smallest film height that can be
accurately resolved with this setup is a quarter of the wavelength
of the laser, l/4 = 160 nm.

Since the droplets used were much larger than the capillary
length of water, there was significant oscillation after pinch
off,40 see inset of Fig. 1. This necessitates the use of a second
high-speed camera (Phantom v710) equipped with a 1� tele-centric
lens (Edmund Optics) to view the impact from the side and measure
the drop velocity and the bottom radius of curvature of the drop,
Rb, immediately before impact.

2.2 Surface preparation and characterization

The coating of the surface follows our earlier protocol used to
superhydrophobize steel spheres by Vakarelski et al.23,24 A glass
microscope slide (Fisher Scientific) was coated with Glaco
Mirror Coat Zero (Soft 99 Ltd, Japan), which is an alcohol
suspension containing nano-particles (d B 40 nm) and a
superhydrophobizing agent. The coating was cured in an oven
at 160 1C for 10 minutes. A slide was coated either only once
or with 4 repeated applications of this technique to make
roughness on a larger scale with a hierarchical structure.

Fig. 2 compares the topography of the glass surface with
1 and 4 such nano-particle coatings, as characterized by an
Atomic Force Microscope (AFM). For a single coating of Glaco,
the RMS roughness was Rq = 70 nm with a maximum valley to
peak height of 907 nm. For 4 coatings of Glaco the Rq was
138 nm with a maximum valley to peak height of 1.3 mm. When
coated with the Glaco coating the static wetting angle for water
is 41601. To convert the coated superhydrophobic surfaces
into their superhydrophilic counterpart, they were treated in an
oxygen plasma for 3 minutes. This treatment retained the
roughness due to the nano-particles but removes the super-
hydrophobizing agent allowing water to wet the surface.

3 Results and discussion

Fig. 3 compares the effects of nano-roughness for drop impacts
at the same impact velocity onto a smooth, glass microscope
slide Rq = 2 nm, and a microscope slide coated with 1 coating
of Glaco and then plasma-cleaned to restore hydrophilicity,
Rq = 70 nm. The images are shown after the central disc has
fully contracted into a large central bubble. The smooth surface
entrains a faint ring of microbubbles marking the location of
the first contact. In contrast, the rougher surface entrains a
wide band of microbubbles, with the inner edge of the band
marking the location of the first contact.

Fig. 4(a) shows zoomed-in time series images of first contact
and the formation of a band of microbubbles as the drop
spreads radially outward for a drop, Rb = 5.6 mm, impacting
a 1 time Glaco coated surface, V = 3.7 m s�1. The first contact is
faint and occurs in a bright fringe marked by an arrow in the
first panel of the figure. After contact is made the drop further
penetrates the roughness and the formation of the initial band
of microbubbles occurs in the first B1 ms. Note that the drop
has already spread past this forming band of microbubbles as

Fig. 2 AFM images of the Glaco-coated surfaces, for one coating in (a) and four coatings in (b).
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highlighted by the arrow in each frame. As the drop continues
to spread, the band of microbubbles thickens slightly. Fig. 4(b)
shows profiles of the air disc after contact until the end of the
first expansion. After first contact, the air disc begins to expand
slowly for 1.2 ms and then begins to rapidly expand reaching its
peak height 4.2 ms after first contact. The rapid expansion
begins after the drop has fully penetrated the roughness and
formed the initial band of microbubbles. This indicates that
the air is able to slowly escape between the roughness asperities
during the penetration process. The entire expansion takes nearly
twice as long as for a similar impact onto a smooth surface, which
occurs in 2.2 ms for an impact at 4.05 m s�1 in the study by Li and
Thoroddsen.11

Fig. 5 compares bottom-view images for 3 impact velocities
7 ms after initial contact between the drop and each of the
4 nano-rough surfaces used in this study. Across all surfaces,
an increase in the impact velocity resulted in a wider band
of microbubbles entrained. The effect of the roughness
on the dynamics of the central entrapped bubble will now be
discussed in Section 3.1, the effects of the size of the roughness
on the formation of microbubbles will be discussed in Section 3.2.
The effects of the surface wettability will be discussed in Section 3.3,
and the mechanisms for the formation of the microbubbles are
discussed in Section 3.4.

3.1 Central entrapped air disc

The behavior of the entrapped air disc qualitatively follows
what would be expected for impacts onto a smooth surface
as the impact velocity is increased, both the centerline height,
H*, and radial extent, L0, of the air disc decrease with increasing
velocity. As the compressibility parameter, e�1, increases, the
effects of compressibility are also seen as a further decrease in
the centerline height of the air disc at impact. However, when
quantitative comparisons are made between our measurements
and theories from the literature, both the centerline height and
radial extent are over-predicted with the mismatch being larger for
larger scale roughness; thus, the scaling laws require adjustment
to retain reasonable predictive capability.

Starting with the centerline height, H*, Mandre et al.14

proposed that the centerline height scales as H* = 3.4RbSt2/3

for incompressible cushioning and as H*/RbSt2/3 = 3.2e1/3 for
adiabatic compression. The work of Li and Thoroddsen11

showed that the adiabatic compression was a reasonable fit
to experimental data but provided a slight empirical correction

Fig. 3 Bottom view images comparing drop impacts (Rb = 4.65 mm,
V= 2.55 m s�1) on to (a) a smooth glass microscope slide, Rq = 2 nm and
(b) a slide coated once with Glaco and plasma cleaned, Rq = 70 nm. The
central air disc has fully contracted. The arrow in (a) shows the faint ring of
microbubbles entrapped at the location of first contact. Water fully wets
both surfaces. The scale bars are 100 mm long.

Fig. 4 (a) Zoomed-in time series images of the first contact of a drop with a 1 time Glaco coated surface (V = 3.7 m s�1, Rb = 5.6 mm, Rq = 70 nm).
After initial contact, microbubbles form as the drop penetrates the roughness and spreads radially outward. Arrows in each frame show the outer contact
of the drop. The scale bar is 100 mm long. Video available online (ESI†). (b) Air layer profiles showing the shape of the air disc from the centerline to the
contact point during the initial expansion after first contact for the same impact shown in (a). Profiles are spaced 600 ns apart corresponding to 0, 0.6, 1.2,
1.8, 2.4, 3.0, 3.6, and 4.2 ms from bottom to top relative to first contact. Since the surface is superhydrophobic, the contact location is pinned. Marker
locations show the center of each fringe.
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Fig. 5 Bottom view images 7 ms after drop impact. The top 2 rows are impacts onto surfaces with 1 coating of Glaco with different wetting
characteristics, as noted on the right. The bottom 2 rows are impacts onto surfaces with 4 coatings of Glaco with different wetting conditions. The
columns correspond to different impact velocities and bottom radii of curvature: (left) V = 1.4 m s�1, Rb = 3.6 mm, (middle) V = 2.6 m s�1, Rb = 4.7 mm,
(right) V = 3.7 m s�1, Rb = 5.6 mm. Scale bars are 100 mm long.
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to H*/RbSt2/3 = 4.2e0.4, which fit the data better in the range of
their experiments.

Our raw measurements show relative centerline heights at
first contact that are smaller than those predicted by theory.
Since we are using monochromatic interferometry, a reference
height is required to determine the absolute height of the
droplet profile. For a smooth surface the point of first contact
with the solid surface is taken as the zero height, but in the case
we are considering at present, there are several possible options
for the reference height: the mean roughness height, the RMS
roughness, the lowest valley, etc. Keep in mind that the mea-
sured value is relative to the first observed contact and as the
drop approaches the surface, it first comes into contact with the
tallest asperities of the roughness. Therefore, we presume that
the tallest asperities are approximately 3 times the RMS value
Rq, we add this to our measured value, H�meas and recover the
values predicted by the theory of Mandre et al.,

H�theory ¼ H�meas þ 3Rq: (6)

Fig. 6(a) shows a plot of the measured height, H*, of the air disc
at first contact adjusted as in eqn (6) compared with the
incompressible scaling of Mandre et al. and the empirical fit
from Li and Thoroddsen,11 where H*/RbSt2/3

p e0.4. There are
still some deviations from the theory, but overall the fit is
relatively good, spanning Rq values from 2 nm up to 138 nm.

With the reference height chosen correctly, this means that the
air disc height relative to the mean roughness height (0 nm, see
Fig. 2) is fairly invariant to the surface roughness studied
herein with the air escaping in the gaps between the roughness
asperities. This behavior fits well with the findings of
van der Veen et al.37 and Hicks and Purvis,38 who both observed
that for impacts onto arrays of micropillars, the centerline
height remained essentially unaffected by the presence of the
micropillars.

Interferometric measurements were not possible for the
lowest and highest velocity impacts onto the 4 times coated
surfaces. At the lowest velocities of V = 0.66 m s�1, the profile
is significantly distorted by the presence of the large hier-
archical structures of the roughness. Whereas at the highest
velocities, the thickness of the air disc is of the same order as
the tallest roughness asperities causing the disc to breakup
into small microbubbles of a similar size to the main band
of entrained microbubbles at the outer edge of the central
contract.

To obtain an expression for the radial extent of the air disc,
we follow the scaling arguments of Mandre et al.14 making
some adjustments to account for the roughness of the surface.
As the droplet approaches the surface with a velocity V, the
dimple begins to form under the center when the drop is at a
height H = RbSt2/3 above the surface. To account for the surface
roughness, we lessen the height H by a multiple of the RMS
surface roughness, H0 = H � aRq, where a is a fitting constant.
This gives a time scale for the formation of the central disk
as t = H0/V = (RbSt2/3 � aRq)/V. The kink at the edge of the
central dimple moves outward with a constant large velocity,
U B VSt�1/3.11 The radial extent of the dimple and thus the
central air disk at first contact can then be calculated by
determining how far the kink moves over the characteristic
time t,

L0 = Ut = B(RbSt1/3 � aRqSt�1/3), (7)

where we take B = 3.8 � 41/3 = 6.03 as the same prefactor
determined theoretically by Hicks and Purvis15 for impact onto
a smooth surface (see eqn (2)). Fig. 6(b) shows the experimental
data compared with the above expression. The fit of the line is
best when using a = 3/2 times the surface roughness. Physically,
we can interpret this as the drop penetrating further into the
roughness than the peaks of the tallest asperities before fully
entrapping the central air disk.

For both H* and L0, the largest deviations occur for the
lowest velocity impacts onto the 1 time coated surfaces. In both
cases, the measured value is larger than the predicted value.
Physically, the disagreement is self-consistent, since the center-
line height is larger than predicted, the kink in the bottom of
the droplet has more time to travel outward thus entrapping a
larger radius disc. The Weber number of these low-speed
impacts is 16, which is in the similar regime where Bouwhuis
et al.17 denoted the transition from a surface tension domi-
nated regime to an inertia dominated regime and where they
noted maximal bubble entrainment occurs.

Fig. 6 (a) Plot of normalized centerline height of the central air disc at first
contact versus the compressibility parameter e�1. The measured values of
H* have been augmented by 3 times the RMS roughness value Rq as in
eqn (6). (b) Plot of radial extent of central air disc showing experimental
data compared with eqn (7) with a = 3/2.
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3.2 Effects of roughness size

As discussed in the previous section, the surface roughness has the
effect of decreasing the radial extent of the central air disc as well
as modifying the reference height used for interferometry. It also
plays a significant role in the formation of microbubbles in the
band surrounding the central air disc. The average microbubble
diameter, dmb for the superhydrophobic Glaco 1� surface is
10–15 mm, top row of Fig. 5. For the superhydrophilic counterpart,
the average bubble size is much smaller, near 1 mm, second row of
Fig. 5. In contrast, for the 4 times coated superhydrophobic
surfaces, the average bubble diameter was B11 mm, third row of
Fig. 5, and the average diameter ranged from 8–20 mm for the
superhydrophilic 4 times coated surface, with higher impact
velocities entrapping slightly larger bubbles, last row of Fig. 5.

Given a surface characterization such as in Fig. 2, the
expected size of microbubbles within the band can be estimated
by measuring the distance between the peaks of the roughness
that are at least as tall as the RMS value. For the 1 times coated
surface, the average distance between peaks was 2.2 mm. For the
superhydrophilic surfaces, the measured average bubble dia-
meter was 1.5 mm or less across all impact velocities, which is in
reasonable agreement; on the other hand, the measured bubble
size on the superhydrophobic case gives an average diameter of
11–15 mm. This means that the contact lines of the microbubbles
are pinned on asperities taller than Rq. If we instead look at the
distance between peaks that are taller than 3Rq, we find that the
average distance is 11 mm.

For the 4 times coated surface, the distance between roughness
peaks 4Rq was 10 mm. Again, this corresponds reasonably well with
the measured diameter of microbubbles on both the superhydro-
phobic, measured as 11 mm, and superhydrophilic, measured
between 8–11 mm, surfaces. For some of the superhydrophilic
surfaces at moderate impact velocities, there is an inner ring of evenly
distributed microbbules of roughly the same size surrounded by an
outer ring of larger bubbles less evenly distributed (see the middle
panel in the bottom row of Fig. 5). The larger bubbles are about 1.5
times the size of the distance between peaks. The difference can be
attributed to the different ways in which the bubbles in the inner and
outer rings are formed, which will be discussed in Section 3.4.

Fig. 7 shows a plot of the measured width of the band of
microbubbles, w, as a function of the Stokes number. Notably
as the impact velocity increases (smaller values of St), the
bandwidth increases also. The superhydrophilic cases also have
much wider bands due to the formation of the outer ring of
bubbles as mentioned in the preceding paragraph. While the
data does not collapse onto a single line, the bandwidth of
microbubbles has an overall trend, w/Rq B St�4/3.

The number of microbubbles contained within the band can be
estimated by modeling the band as a set of circles whose diameter is
equal to the average diameter of microbubbles for the given surface,
dmb, spaced with a third of a diameter between adjacent circles,

Nbubbles ¼
X3w=4dmb

n¼0

p
2dmb

3L0 þ 4ndmbð Þ; (8)

where w is the width of the band of microbubbles.

In Fig. 5, the top left panel has approximately 400 micro-
bubbles with an average diameter of 11.3 � 2.3 mm. Eqn (8)
estimates that there are between 327 and 485 microbubbles.
In the middle bottom panel of the same figure, there are about
900 microbubbles with an average diameter of about 14.2� 3.4 mm,
and the above equation estimates there are between 480 and
1389 microbubbles. Applying this to the case from the second
row and third column, where the average bubble diameter is
less than 1.5 mm and there are too many to count manually, this
would estimate that there are at least 1.2 � 105 microbubbles
contained within the cloud of bubbles.

3.3 Effects of surface wettability

The main effect of the wettability of the substrate is on the dynamics
of the contact lines of the central bubble and microbubbles. For the
superhydrophobic surfaces, the contact lines are all pinned and
remain nearly static. For impacts within the incompressible regime
(e�1 o 1), the central bubble retains a spherical cap shape formed
during the impact. When the compressibility of the intervening air
layer is significant (i.e., e�1 4 1), the entrapped air disc rapidly
expands after contact is fully made with the substrate and then
oscillates in place since the contact lines are pinned.

Fig. 8 shows traces of the centerline height, H, of the air disc
as it oscillates due to compression and expansion for impacts
at 3 separate velocities onto a surface coated 1 time with Glaco
coating. The contact line is pinned at the location of first
contact. In all 3 cases, the disc expands, then compresses
slightly, and then continues to expand reaching a higher peak
height on the second expansion indicating that the disc does
not fully expand during the first rapid expansion. This can
explain why there was a larger final volume of air measured in
the bubble after the disc had fully contracted than the volume
measured in the disc after the first expansion as noted by
Li and Thoroddsen.11

Fig. 7 Plot of the maximum radial width of the entrapped band of
microbubbles versus the Stokes number. The solid line has a slope of
�4/3.
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The frequency at which the air disc oscillates is also of interest.
Measuring the half-period from the peak of the first expansion to
the subsequent valley for each of the cases shown in Fig. 8 gives
frequencies of oscillation of 101.6 kHz, 102.3 kHz, and 142.3 kHz,
for velocities of 1.4 m s�1, 2.6 m s�1 and 3.7 m s�1, respectively
with the frequency slowing with additional oscillations.

Minnaert41 proposed that a bubble should have a resonant
frequency of

f ¼ 1

2pr
3gPatm

r‘

� �
; (9)

where r is the radius of the bubble and g is the ratio of specific
heats. Taking r to be equal to L0, and g = 1.4 corresponding with
adiabatic compression, this yields frequencies in the range of

11–16 kHz, which is much slower than the measured values.
If instead of taking r = L0, we take r to be equal to the equivalent
spherical radius corresponding to the volume of entrapped air
at first contact, this yields frequencies of 72.3 kHz, 116.5 kHz,
and 162.4 kHz, which are much more indicative of the measured
values though still not an exact predictor.

In the case of the superhydrophilic surfaces, the central disc
and all of the microbubbles contract. For low and moderate
velocities, this resulted in a large central bubble and a band
of much smaller microbubbles around the perimeter of
first contact and extending further radially. For the highest
velocities in our experiments, where the height of the central
disc at impact is of the same order as the largest roughness
asperities, the central disc contracts into myriad microbubbles
of the same size as the bubbles around the periphery as shown
in the bottom right panel of Fig. 5.

In all cases, the hydrophilic surfaces entrained more micro-
bubbles than the hydrophobic counterpart. This is due to the
bubbles that are entrained by the motion of the contact line
and the instability of the plastron, which is discussed in more
detail in Section 3.4.

3.4 Microbubble formation

Fig. 9 and 10 show time series of the initial contact and
formation of the bands of microbubbles for 1 time coated
surfaces and 4 times coated surfaces, respectively. When
comparing the formation of the microbubbles between the
two different roughnesses, it is evident that the overall bubble
formation process is longer for the rougher surface, B7 ms,
versus B2 ms for the smoother surface.

We have identified 3 mechanisms for microbubble for-
mation: (I) the drop penetrating the roughness, (II) entrapment

Fig. 8 Traces of the centerline height of the air disc, H, versus time for
impacts onto a 1 time Glaco coated surface. Time is relative to first
contact. The traces show the oscillations due to the compression and
expansion of the air disc.

Fig. 9 Time series images from the bottom view of drop impacts (V = 2.7 m s�1, Rb = 4.1 mm) on to surfaces coated one time with Glaco (a)
superhydrophobic, (b) superhydrophilic. On the superhydrophobic surface, the central entrapped air disk does not contract as the contact line remains
pinned, last panel of (a). The last panel of (b) shows the impact on the superhydrophilic surface after the central bubble has fully contracted. Times are
relative to first touchdown. Scale bars are 100 mm long. Supplemental videos available online (ESI†).
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of bubbles due to movement of the contact line, and (III)
breakdown of the plastron.

Mechanism I occurs during the initial contact of the drop
and solid surface and entraps a relatively even distribution of
bubbles of a similar size around the perimeter of the contact.
This entrapment occurs due to the drop fully penetrating the
nano-rough texture of the surface. Unlike the case of impact
onto a micropillar array, here the gas below the drop center has
no direct escape path and therefore gets trapped in the valleys
of the roughness. The size of these microbubbles are indicative
of the lateral distances between the roughness peaks as
discussed in Section 3.2. The width of the band of micro-
bubbles entrapped due to this mechanism is similar for both
the superhydrophobic and superhydrophilic cases and occurs
within the 1–3 ms after first contact as shown in Fig. 9 and 10.

Mechanism II occurs as the contact line of the entrapped
central air disc moves inward owing to the contraction of the
central bubble. Thoroddsen et al.42 noted a similar pheno-
menon that occurs during the outward motion of the contact
line as an impacting viscous drop spreads rapidly along a solid
surface. In their experiments, localized contacts between
levitated lamella and the solid surface ahead of the advancing
contact line caused air bubble entrapment when reached by the
contact line. Similar entrapment was evidenced in studies by
Driscoll et al.43 and Palacios et al.44 In our study, the localized
contacts ahead of the moving contact line are caused by the
roughness asperities contacting the top of the contracting air
film, as also noted by Li et al.,22 see their Fig. 1. Since the
contact line of the central disc is pinned on the superhydro-
phobic surfaces, this mechanism is only seen for the super-
hydrophilic cases. This mechanism is active until the central air

disc becomes significantly thicker than the tallest roughness
asperities. The central air disc fully contracts within B 100 ms
which is similar to the contraction time of the central bubble
on a smooth surface.8

Mechanism III occurs simultaneously with mechanism II
after the drop has spread radially outward beyond the first
contact. These bubbles result from the breakdown of the plastron,
or thin layer of air trapped between the liquid and valleys of the
roughness. Naturally, the hydrophilic surfaces cannot sustain the
plastron and thus myriad microbubbles are easily formed. In
isolated instances we have observed this on superhydrophobic
surfaces, which can be attributed to the break down of the coating.

In many cases these bubbles are not formed immediately
upon the wetting of the surface but pop up slightly later at
random times. Fig. 10(b) shows these bubbles popping up
around the entire periphery starting about 3 ms after first
contact. Note that by this time the drop has spread well beyond
the region where the bubbles appear.

Fig. 11(a) shows a zoomed-in frame sequence of the formation
of a microbubble by the breakdown of the plastron. The bubble
is nucleated and grows to its final size in approximately 800 nano-
seconds. The plastron does not break down at a single moment
but over time, so although the formation of a single bubble
happens rapidly, the formation of the outer ring of larger bubbles
takes several microseconds. The plastron breakdown also is not
limited to occurring only near the point of impact. Fig. 11(b)
shows an example of bubbles that are formed several hundred
micrometers from the band of microbubbles formed at first
contact. The bubbles that are formed further away are infrequent
and appear on a longer time scale than those closer to the main
band of bubbles.

Fig. 10 Time series images from the bottom view of drop impacts (V = 2.6 m s�1, Rb = 4.7 mm) on to surfaces coated four times with Glaco (a)
superhydrophobic, (b) superhydrophilic. On the superhydrophobic surface, the central entrapped air disk does not contract as the contact line remains
pinned, see last panel of (a). The last panel of (b) shows the impact on the superhydrophilic surface after the central bubble has fully contracted. Between
7 and 200 ms microbubbles continue to form on the outer edges of the impact region in the superhydrophilic case. Times are relative to first touchdown.
Scale bars are 100 mm long. Black arrows mark the edge of the spreading drop. Supplemental videos available online (ESI†).
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After the initial formation of the microbubbles, the closely
packed microbubbles can coalesce with neighboring bubbles.
This occurs on both the superhydrophobic and superhydrophilic
surfaces, compare the last two panels of Fig. 10(a and b).

4 Conclusions

In this study, we investigated the effects of nano-scale roughness
on the entrainment of air during drop impacts onto solid
surfaces. Two separate values of surface roughness were used
(Rq = 70 nm and 138 nm) with each surface having a super-
hydrophilic and superhydrophobic counterpart. A central air
disc is entrapped due to deformation of the drop by the
intervening air layer prior to impact. The centerline height of
the central air disc is similar to that for impacts onto smooth
surfaces using a measurement reference height of 3Rq while the
radial extent is smaller than expected from previous theories;
however, this can be corrected by accounting for the surface
roughness as given in eqn (7). When the predicted thickness of
the air disc is of a similar magnitude to the tallest asperities
of the roughness, the entrapped disc breaks down into small
bubbles.

Myriad microbubbles are entrained in the region surround-
ing the central disc ranging in size from o1 mm to as much as
20 mm, depending on the lateral distance between roughness
peaks. Three mechanisms were identified for the formation of
these bubbles: (I) air entrapment due to the drop penetrating
the roughness at first contact, (II) air entrapment due to local
contacts ahead of a retracting contact line, and (III) air entrap-
ment due to the breakdown of the plastron.

The dynamics studied in this paper have been limited to the
formation and very early dynamics of these microbubbles. The
lifetime and ultimate fate of these microbubbles remains an
open question that merits further study. As discussed by Lohse
and Zhang,45 liquid impacts onto rough surfaces are a method
for generating nanobubbles that can have surprisingly long
lifetimes of days. Herein, we have shown that the sizes and
density of such entrained bubbles are sensitive to the impact
conditions.

In applications where air entrainment is undesirable,
the smoothness of the surface is paramount as hierarchical
roughness of even a few tens of nanometers entrains a band of
multitudinous microbubbles in addition to the central air disc.
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