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Abstract

We investigate the dynamic properties of microliter droplets impacting with velocities up to

0.4 m s™' on hydrophobic surfaces with hierarchical roughness. The substrates consist of multiple
layers of silica microspheres, which are decorated with gold nanoparticles; the superstructures
are hydrophobized by chemical modification. The initial impact event is analysed, primarily

focusing on the bouncing of the droplets. The number of bounces increases exponentially with
substrate hydrophobicity as expressed by the contact angle. The subsequent relaxation regime is
analysed in terms of the frequency and damping rate of the droplet oscillations. Both quantities
exhibit a substantial decrease for large contact angles. Results are discussed in relation to reports

in literature; damping is most likely due to viscous dissipation.

Keywords: superhydrophobicity, hierarchical roughness, dynamic wetting

1. Introduction

The phenomenon of droplet impact on surfaces has been a
topic of research interest since the 19th century with the
pioneering contribution of Worthington [1]. The impact
dynamics can be affected by a variety of parameters, such as
impact velocity, liquid density, surface tension, viscosity,
droplet size and the roughness and wettability of the solid
surface [2]. The dynamic behaviour of droplets impacting on
solid surfaces is of fundamental importance due to its
industrial applications in various technological areas includ-
ing inkjet printing, spray painting and coating, spray cooling,
pesticide spraying, metal forming, soil erosion due to rain
drop impact and turbine wear [3].

In the study of dynamic properties of droplets impacting
on solid surfaces, various parameters are of interest, such as
the maximum spreading diameter, the ‘bouncing’ on super-
hydrophobic surfaces, the rebound height, the contact time,
and contact angle variation during and after impact on the
surface. Different application areas dictate the relevant para-
meters to be investigated. For example, in herbicide treatment
the maximum spreading diameter is of interest to improve the
herbicide efficiency; a key issue is to prevent droplet rebound
[4]. On the other hand, to improve the water-cooling of a hot
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solid, the contact time of the droplet with the surface is an
important quantity [5]. In other applications such as anti-
contaminating textiles, hydro-protected concrete or wind-
shields, the effect of bouncing off is of relevance [6], since it
can be used to assess the stability of the air film trapped by the
surface structures, which is essential to prevent wetting by
rain drops [7]. The dynamics of droplet impact is considered
as a useful tool for characterizing the stability of super-
hydrophobic surfaces. As such, since the last decade exten-
sive studies have focused on investigating droplet impact on
superhydrophobic surfaces, owing to their emerging appli-
cations including fog-resistant coatings, impermeable textiles,
self-cleaning and anti-coating for lab-on-chip devices
[5, 8-17]. Another related study reported the rebound
dynamics in droplet—droplet collisions on superhydrophobic
surfaces, showing the potential for droplet logic [18].

When a water droplet with a certain velocity impacts on a
solid surface, the combined role of potential energy, kinetic
energy and liquid surface energy give rise to interesting and
complicated phenomena [19]. Typically the droplet adopts
different shapes, as frequently observed by high speed ima-
ging. After colliding with the substrate, initial spreading of
the droplet gives rise to a deformation of the initially spherical
droplet to a pancake-like shape [20, 21]. A marked variation

© 2014 I0P Publishing Ltd
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Figure 1. Helium ion microscopy (HIM) images showing the surface morphology of flat, single length scale and hierarchical substrates; the
latter consist of 440 nm silica spheres, decorated with 45 nm gold particles. Images (a), (b) show flat oxide-covered silicon surfaces before
and after PFOTS treatment, with water contact angles <5° and 110°, respectively. Images (d), (e) show silica sphere arrays before and after
derivatization with PFOTS, with contact angles <5° and 148° respectively. Images (c), (f) depict gold nanoparticles on flat silicon and on
silica sphere arrays, with contact angles 128° and 162°, respectively. Reprinted from [32], copyright 2012, with permission from Elsevier.

of the contact angle occurs in this stage [22-24]. When the
spreading diameter has reached its maximum value, surface
tension leads to retraction of the bottom part [25]. Oscillations
of the droplet by repeated spreading and retraction of the
contact line generally occurs, the spatial extent and duration
being dependent on the hydrophobicity of the substrate [26].
On sufficiently hydrophobic surfaces, splashing or rebound
[2, 7, 27-31] of the droplet is often seen for a relatively high
impact momentum.

Chemical modifications and/or morphologically struc-
turing of substrate surfaces extensively affects the interactions
between liquid droplet and solid substrate, resulting in con-
siderable variation of the macroscopic surface wettability.
Likewise, the dynamic behaviour of droplets after impact
strongly depends on the wetting properties of the surface
structure. Recently we have presented a colloidal route to
manufacture hierarchical substrates with wetting properties
ranging from hydrophobic to sticky or non-sticky super-
hydrophobic [32]. The surface roughness induced by the
combination of silica sphere arrays and gold nanoparticles
(see figure 1) in terms of length scale, size and design of
surface features was shown to play an important role in dic-
tating the state of the droplets (Wenzel, Cassie—Baxter or
mixed) on such substrates [33].

In this work we investigate the dynamics of droplet impact
on the aforementioned morphologically nanostructured, hier-
archical hydrophobic surfaces. Parameters which are studied as
a function of static wetting behaviour include the maximum
spreading diameter, the bouncing of droplets, the shape evo-
lution in terms of varying height and contact angle, as well as

relaxation behaviour. The results are discussed in terms of
available models, while the relaxation behaviour is related to
the macroscopic hydrophobicity of the surfaces.

2. Experimental details

2.1. Substrate preparation and characterization

The surfaces with variable roughness were prepared via a
bottom-up colloidal route as described in our previous work
[32, 33]. The single length scale roughness is achieved by
adsorption of either silica spheres of different sizes (850 nm,
440 nm and 130 nm diameter, as determined by scanning
electron microscopy) or by deposition of gold nanoparticles
of 13 nm, 25nm and 45 nm. For hierarchical roughness,
silica sphere arrays are used as coarser structures, decorated
with gold nanoparticles as the finer structures.

Silica sphere arrays were deposited on silicon substrates
by means of spin-coating [34, 35]. To enable deposition of
gold nanoparticles on flat or hemispherical surfaces, the
silica was functionalized with mercaptopropyl-trimethox-
ysilane; the thiol end groups provide a large affinity for
irreversible adsorption of the citrate-stabilized gold nano-
particles [32, 36]. After the colloidal assembly the exposed
silica surfaces are functionalized with 1H, 1H, 2H, 2H-
perfluorooctyl-triethoxysilane to ensure sufficient stability of
the substrates and also to lower the surface energy. Finally,
gold nanoparticles are hydrophobized by derivatization with
1-dodecanethiol.
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The surface morphology of the nano-/microstructured
samples such as that in figure 1 was assessed by scanning
helium ion microscope (ORION-Zeiss, USA). For contact
angle measurements, the sessile drop method was used on a
Dataphysics OCA15+ goniometer under ambient conditions
at room temperature (22 °C). Typically, 4-10 ul water dro-
plets were used; contact angle values were determined by the
average of at least five independent measurements.

2.2. Droplet impact experiments

In the impact experiments, a droplet of Milli-Q water with a
typical volume of 10 ul was created at the tip of a dispensing
needle (outer diameter (0.52 mm) using the aforementioned
optical contact angle goniometer (DataPhysics OCA15+). The
droplet detached from the needle due to gravity and impacts
on the substrate at room temperature (22 °C) under ambient
conditions. The impact velocity was controlled by varying the
distance between the needle and substrate. The dynamic
behaviour of the droplet and its impact was recorded using a
Photron SA3 high speed camera at a frame rate of 2000 fps;
the camera is operated using Photron Fastcan Viewer 3
software. The exact impact velocity was determined from the
captured images just before the impact on the substrate.

2.3. Analysis of high speed camera movies

Movies of droplets impacting on the (super)hydrophobic
surfaces were analyzed using a home-built ‘Matlab’ script.
For the analysis, the positions of the dispensing needle and
the substrate are determined in every frame, including the
base line. The drop shape is determined by scanning the
regime between needle and substrate row-by-row to find the
first and last transition pixel. Relevant physical parameters
can be calculated from the extracted drop shape, including (i)
the right and left contact angles (using cubic spline algorithm
[37]), (ii) height and width, (iii) position of the centre of mass,
(iv) the vertical velocity and (v) the number of bounces. The
size of the needle is known (0.52 mm diameter), which
enables converting the pixel values into real metric values.
Typically, a two-second movie at 10 000 fps and 384 x 192
pixels in each frame takes approximately 30 min to complete
the analysis (on an Intel Core2Duo CPU, 2.66 GHz).

We also considered using the option to determine the
contact angles with the axisymmetric drop shape analysis
(ADSA-P) [38], but this is only suitable in static experiments
due to the assumption of a ‘Laplace pressure’ induced droplet
profile.

Over 500 movies of droplets on many different hier-
archical substrates have been analyzed using the software as
described above; transients of all mentioned parameters are
stored in a data file. Another Matlab script collects the data
from these files for different movies and performs a number
of calculations to determine parameters such as the frequency
and relaxation rate of the droplet oscillations, diameter of the
contact area and the spreading ratio. In figure 2 a typical
transient of the height of the centre of mass of a bouncing
droplet is depicted. The overall motion of the droplet can be
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Figure 2. Typical transient of the height of the droplet’s centre of
mass (10 ul) as extracted from a movie using the analysis software.
The bold points indicate the free fall regime, the dotted line
represents bouncing (three times), and the solid line the damped
oscillation of the droplet.
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Figure 3. Snapshots of a 10 1 water droplet after detaching from the
needle during its free fall under ambient conditions. The droplet
oscillates, adopting prolate and oblate shapes. In the last two images
(37.5 ms and 38 ms) the reflection of the droplet is visible.

divided into three regimes: (i) the free fall (bold points), (ii)
bouncing (dotted line), and (iii) sticky oscillation (solid line).
The sticky oscillation can be fitted to a first order damped
oscillation [39]. This data is used to classify and compare
substrates, as outlined in the following sections.

3. Analysis of the falling droplet

A time lapse of a free falling water droplet after detachment
from the end of the dispensing needle is shown in figure 3.
When the droplet is about to detach (at 0 ms), a ‘neck’ is
formed; the additional surface energy gives rise to enhanced
potential energy just before separation. Upon detachment the
breaking neck snaps back (at 0.5 ms) and releases this addi-
tional energy, therewith producing capillary waves on the
surface of the water droplet, as well as on the remaining water
in the needle orifice. The droplet deforms continuously [40]
from an oblate spheroid (in the image at 12 ms) to a prolate
spheroid (image at 19 ms) and vice versa. To evaluate the
variation of the outer dimension of the droplet, the horizontal
(Dy) and vertical (D,) diameters were determined as a function
of time; the results are shown in figure 4(a).
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Figure 4. (a) Typical transient of the horizontal (D, ; blue circles) and
vertical (D,; red squares) diameters of a falling droplet; the solid
lines represent fit curves as described in the text. (b) The position of
the centre of mass of the free falling droplet; the offset of 2.0 mm
represents the initial distance h from the needle orifice. The solid
line represents a quadratic fit (uniform acceleration), from which an
initial velocity v, = 0.023 m s™' is obtained.

The oscillation behaviour of the droplet during its des-
cent, originating from the aforementioned capillary waves due
to detachment, is obvious from the data in figure 4(a). Both
the width and the length of the droplet oscillate, of course
with the same frequency but 180° out of phase due to the
oblate-to-prolate transition. The time-averaged value for the
diameter of 2.63 mm is in perfect agreement with the droplet
volume of 10 1. The difference in the amplitudes of the width
and the length originates from the geometry of the droplets;
the oblate shape has two long (horizontal) axes in perpendi-
cular directions and one short (vertical) axis, while the prolate
shape has one long (vertical) axis and two short (horizontal)
axes. For small deviation from the spherical shape, a differ-
ence of a factor of 2 is expected, which is approximately the
case in figure 4(a).

The dynamic behaviour can be analyzed in terms of the
pioneering work of Rayleigh and Lamb [41-43]. Assuming
small oscillations and neglecting the effect of surrounding
gas, the natural frequency of a free droplet of radius R, surface
tension y and liquid density p can be evaluated by

Y
w? = Fn(n - D+ 2). (1)

The fundamental oscillation mode corresponds ton =2;n =1

represents the rigid spheroid. Owing to the viscosity, the
oscillations will be damped in time. For small viscosities, the
decrease of the amplitude A with time is given by
A = A, exp (— b,t) with the damping constant defined by

b,= (- 1)2n+ v/R%. 2)
The latter is a constant, not depending on the restoring force,
but only on the size of the droplet and its viscosity. Using
parameters for water (surface tension y = 72.8 x 10> N-m™/,
density p=10kgm™ and kinematic  viscosity
v = 10"%m’s™"), a good fit to our transients is obtained (solid
lines in figure 4(a)) using a droplet radius R = 1.32 mm, in
very good agreement with the actual volume. Moreover, the
frequency amounts to 80.1 Hz.

After detachment from the needle, the droplet is in fact a
free falling entity; the travelled distance relative to the end of
the dispensing needle (figure 4(b)) is quadratic in time. The
transient, with an offset of 4, = 2.0 mm due to the initial
position below the needle orifice, can be accurately described
using uniform accelerated motion under the influence of
gravity. From the fit an initial velocity v, = 0.023 m s~ is
obtained, which is ascribed to the aforementioned detachment
event. By breaking of the neck, elastic energy is released as
kinetic energy. Although straightforward, this analysis
enables accurate determination of the impact velocity (the
derivative of the curve in figure 4(b)) as a function height
from which the droplet is released.

Finally, as mentioned the droplet geometry oscillates
between prolate and oblate shapes. In principle this may also
have an effect on the relaxation behaviour. We have carefully
analyzed our results pertaining to droplets released from
different heights; owing to the relatively large scatter of the
data, we have not been able to identify any systematic con-
tribution related to the actual droplet shape at the moment of
impact.

4. Impact and bouncing regime

When a liquid droplet impinges on a solid surface with a
certain impact velocity, the dynamics are governed by a
competition of the liquid—solid adhesion force [44, 45] and
the inertial behaviour of the droplet [46]. When inertia
dominates the dynamics, the droplet bounces off (dotted line
in figure 2), which is often referred to as the rebounding or
non-wetting regime [47]. If adhesion exceeds the inertial
rebound force, a permanent solid—liquid interface is formed
and the droplet sticks to the solid surface; this is referred to as
the pinning or wetting regime. In figure 5 a series of snapshots
are shown for two typical movies in which a 10 ul water
droplet impacts on solid surfaces with different morphologies
and thus different wetting properties. The results represent (a)
the complete rebounding (non-wetting) on a super-
hydrophobic surface (850 nm silica sphere arrays decorated
with gold nanoparticles) and (b) wetting by pinning of the
contact line on a hydrophobic substrate (130 nm silica sphere
arrays decorated with gold nanoparticles).
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Figure 5. Time lapse of impact events exhibiting (a) jetting, complete rebounding and oscillation on a superhydrophobic surface, and (b)
jetting and oscillation on sticky hydrophobic surfaces. The impact velocity in both cases amounts to 0.41 + 0.02 m s™'; the liquid volume is

10 pl.

Upon touching the solid substrate, a surface capillary
wave is excited and the droplet deforms into a pyramid-like
shape as shown by the images at 3 ms and 4 ms in figure 5(a).
The droplet spreads to achieve a maximum wetted area (at
6 ms in figure 5(a)) due to inertia; during spreading the kinetic
energy is converted into surface energy. The maximum
spreading ratio D, /D,, defined as ratio of the maximum
width D, upon impact and the initial diameter
D, = 2.63 mm (see previous section), is often considered as
an important parameter [20, 48], which generally depends on
the hydrophobicity of the substrate. In our case we find an
approximately constant value D, /D, = 1.25 for the more
(super)hydrophobic surfaces. For relatively more wetting
surfaces, the smaller advancing contact angles typically lead
to higher maximum spreading ratios. We see similar beha-
viour for our substrates, but for lower contact angle values,
the data exhibit considerably larger experimental errors.

Owing to the surface deformation combined with the
surface capillary waves, the droplet becomes toroidal,
creating a cylinder-like cavity in the centre as can be seen in
the image at 7 ms in figure 5(a). Due to air being entrapped
when the droplet recoils, a jet is formed [2, 7] as shown in
the image at 8.5 ms. The droplet continues to retract as a
result of the surface energy and its inertial motion. In the
attempt to detach from the substrate, the droplet shape
becomes elongated (at 15 ms in figure 5(a)) before taking
off. This stretching can be explained by considering the
phenomenon of partial or temporary pinning [7], due to
wetting and anti-wetting pressures that govern the impact
dynamics of the droplet [49]. The wetting pressures are the
effective water hammer pressure (Ryy) and the dynamic
pressure (R,). The shock wave built up by the compression
of the droplet at the contact stage generates Pyy, while B, is
due to the kinetic energy of the droplet. The anti-wetting
pressure is the capillary pressure caused by the air trapped in
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cavities of the rough surface. After a number of bounces the
droplet resides on the surface asperities, maintaining its
‘fakir’ state with air trapped underneath the droplet and thus
a large contact angle. However, the remaining kinetic energy
after the bouncing regime gives rise to oscillating behaviour
before reaching the equilibrium state (last four images in
figure 5(a); the actual oscillation lasts longer, typically up to
a few seconds). Characteristics such as frequency and decay
will be discussed in the next section.

In the case of impact on a sticky hydrophobic surface
[32], the droplet is deformed to achieve maximum spreading
(at 6 ms in figure 5(b)), followed by recoiling behaviour.
Similar jetting as for the non-sticky superhydrophobic beha-
viour can be observed in this case, as shown in the image at
9 ms. Owing to the strong adhesion between liquid and
substrate, the droplet is not able to completely rebound, and
does not bounce off. This suggests that the liquid, i.e. water,
penetrates into the cavities formed by the surface structure
corresponding to the Wenzel state. Again, owing to the
kinetic energy, the droplet continues to oscillate like a sticky
vibrating sphere as shown in the images after 13 ms in
figure 5(b). During the relaxation towards its final equilibrium
shape, the dynamics are again governed by a typical fre-
quency and a relaxation rate.

To further investigate the bouncing behaviour of the
different substrates, we determined the number of bounces for
a range of substrates consisting of silica spheres and the gold
nanoparticles constituting the hierarchical roughness. Unfor-
tunately we were not able to identify a clear relation between
the (relative) sizes of the micro- and nanoparticles [32, 33]
and the wetting properties. The reason for the lack of an
obvious trend in these experiments most likely relates to the
polydispersity of the particles used in the assembly and also
their fairly random distribution on the substrate. Nevertheless,
despite a lack of microscopic ordering of the micro- and
nanoparticles, the macroscopic wetting properties prove to be
reproducible in different spatial locations on the same
substrate.

However, despite the absence of such a trend, we still
expect the number of bounces to be in some way related to the
macroscopic wettability of the substrate, i.e. the equilibrium
contact angle of a droplet on such a substrate. On more
hydrophobic surfaces, it is easier for the droplet to rebound
and bounce off as was observed recently by Crick and Parkin
[50]. To verify this, in figure 6 we plot the number of bounces
as a function of the final equilibrium contact angle. The latter
is obtained by averaging the contact angle over time in the
damped oscillation regime (solid line in figure 2). We noted
that the equilibrium contact angles of droplets after impacting
from a certain height were systematically lower than the static
contact angles of droplets gently deposited on the substrates,
especially on surfaces with single length scale roughness,
either gold nanoparticle layers or silica spheres arrays. We
consider this to be due to the fact that for larger impact
velocities, the liquid can penetrate further into cavities of the
rough surface. As such the overall wetted fraction of the
surface increases with impact velocity, approaching more the
Wenzel state with relatively lower contact angles [46].
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Figure 6. Number of bounces (10 ul droplet) as a function of the
equilibrium contact angle. The impact velocity in all cases amounted
to 0.41 + 0.02 m s™". The solid line represents an exponential fit,
which serves as a guide to the eye.

In agreement with our expectations, the number of
bounces increases with the substrate hydrophobicity as
characterized by the equilibrium contact angle. Despite the
scatter of the data, an obvious trend can be discerned as
shown by the exponential fit. The results in figure 6 were
obtained by releasing the droplets from the maximum height
possible (11.1 mm) within the field of view of the high speed
camera. For lower release heights the impact velocity
decreases, and therewith also the number of bounces. A
similar exponential trend is observed, but at lower values on
the vertical axis.

The exponential increase of the number of bounces with
increasing (super)hydrophobicity can be rationalized by
considering the fact that upon impact the droplet is generally
deformed, while wetting the substrate to some extent by
advancing the three-phase contact line, followed by a
retraction until the droplet detaches. The energy loss corre-
sponding to this process is closely linked to the contact angle
hysteresis A cos 6. In a simple theoretical analysis of boun-
cing droplets, Wang and co-workers [51] obtained the energy
loss W due to the impact event:

W = 2AyA cos 0, 3)

with A = %ﬂD,ﬁax the maximum contact area, given by the
maximum spreading diameter D,,,. Recently, we found that
the contact angle hysteresis A cos @, which is closely linked
to the sliding angle, is in good approximation (inverse) line-
arly dependent on the equilibrium contact angle; a plot of the
dynamic contact angles and the sliding angle as a function of
static contact angle are plotted in figure 7 [33]. Combined
with the fact that the spreading ratio shows little dependence
on hydrophobicity, the energy loss thus also decreases line-
arly with the equilibrium contact angle. After one bounce, the
energy loss W gives rise to a lower kinetic energy and as such,
the spreading ratio and thus D,,,, of the second impact will be
smaller. The corresponding energy loss also diminishes. This
continues until the cumulative energy loss of subsequent
bouncing events becomes equal to the initial impact energy. A
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Figure 7. Top: advancing and receding contact angles (open and
filled symbols, resp.) as a function of the static contact angle. The
dashed lines are a guide to the eye. Bottom: sliding angle as a
function of the static contact angle. Results are given for 850 nm
silica sphere arrays, decorated with gold nanoparticles with
diameters in the range 13-45 nm.

simple analysis indeed confirms an exponential rise of the
number of bounces with the equilibrium contact angle, as
observed in figure 6.

5. Relaxation regime

In the previous sections we have considered the droplet
during its descent after detachment from the needle, and also
the impact event accompanied by bouncing of the droplet in
relation to the hydrophobicity of the droplet. In this section
we study the final stage of the dynamics, characterized by a
damped oscillation until the droplet reaches its equilibrium
shape. In this damped oscillation regime, the contact line is
pinned enabling comparison to existing models [52, 53].

As outlined in the previous section and in previous work
[33], we have not been able to identify a clear relation
between the length scales of the hierarchical roughness and
the observed wetting-related phenomena. However, the hier-
archical surface morphologies combined with variation of the
wetting properties provide a wide range of equilibrium con-
tact angles. As mentioned, the equilibrium contact angles
observed after relaxation of an impacting droplet are

)
N

w

N

contact area diameter (mm

90 100 110 120 130 140 150

contact angle (°)

Figure 8. Width of the liquid—solid area as a function of the contact
angle after the droplet (10 1) has relaxed to its equilibrium shape.
The dashed line represents a model calculation assuming a spherical
cap. The solid line is a calculation based on an analytical model
taking into account gravity, as described in the text [55].

systematically smaller than the static contact angles of gently
deposited droplets. We ascribe this to a different wetting of
the rough surface due to the kinetic energy of the liquid
volume coming into contact with the surface. In fact, the
contact angles are closer to their receding angles owing to the
retraction after the initial spreading.

From the analysis of high speed camera movies, we
obtain several parameters as a function of time, including the
height of the droplet, the contact angle and the width (or
diameter) of the solid—liquid interface. In figure 8 we plot the
latter as a function of the contact angle after the droplet (10 ul
volume in all cases) has reached an equilibrium situation.
Despite the fact that we have considered a variety of surface
morphologies (bouncing and non-bouncing) and different
impact velocities, the data approximately fall onto a single
curve.

In fact, this is to be expected on the basis of the geometry
of the droplet. Considering the droplet in equilibrium as a
spherical cap, a relation between volume V, radius R and
contact angle 6 is given by

3

7R
V="-(cos’d—3cosb+2), 4
3 ( ) €]

while for the width w of the contact area we use w = 2R sin 0
[54]. Combining these two expressions, and considering the
volume of the droplet (V = 10 ul), we obtain the dashed line
in figure 8. Although the line reproduces the trend of the
experimental data, the contact area seems to be under-
estimated. It is tempting to ascribed this discrepancy to a
difference in the volume of the droplet. However, we verified
that the volume of our droplet indeed is 10.0 + 0.2 ul from
the geometry of our falling droplet (figure 4). Evaporation of
the water during the damped oscillation regime may occur,
but for the model to correspond to the data in figure 8, a larger
volume is needed.
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Another possible cause for the differences may be the
fact that in the model a perfectly spherical drop shape is
considered. Gravity has been neglected in the aforementioned
spherical cap model, while in the actual experiments this
gives rise to slightly flattened droplets with a larger contact
angle [38, 55, 56]. Rio and Neumann [38] presented a
description of the droplet shape, which requires numerically
solving a set of differential equations. Two analytical
approaches by Shanahan [55] and Fatollahi [56] for droplet
shapes under the influence of gravity yield very similar
results; they enable a relatively simple quantitative analysis.
The solid line in figure 8, obtained using the approach in [55],
indeed confirms the assumption that gravity leads to a larger
contact area. Although the agreement with the experimental
data is slightly improved, there still seems to be a systematic
error for which we have no explanation. We also attempted to
use smaller droplets, but unfortunately the accuracy of con-
trolling the volume and determining the contact angles
decreases substantially for lower volumes.

Similar to the definition of the maximum spreading ratio
in the previous section, the equilibrium spreading factor
D,,/D, is often considered to be relevant, especially for inkjet
application purposes [48, 57]. Although we are in a different
regime with respect to droplet volume, the spreading factor
follows directly from figure 8, by dividing the values by
D, = 2.63 mm. We obtain values decreasing from 1.48 at
contact angles near 90° to values as low as 0.57 on super-
hydrophobic surfaces.

The height of the droplet’s centre of mass during the
oscillation regime in figure 2 (solid line) can be accurately
described using the damped oscillation equation given by

h(t) = heg + Ae™ cos (ot + @), (5)
where A, is the equilibrium height, A is the initial amplitude,
I' is the relaxation rate, w is the angular frequency and ¢ is a
phase factor. Before considering the relaxation rate, we first
turn our attention to the frequency.

In figure 9 the resonance frequency for two droplet
volumes (10 ul and 5 pl) is shown as a function of the equi-
librium contact angle. The results suggest that there is a linear
relation between these two quantities. For much smaller
droplets, a similar linear relationship was reported by Brown
et al [48], albeit over a smaller range of hydrophobic contact
angles. The frequency in our results decreases from
approximately 85 Hz at contact angles near 90° to values
around 40 Hz for superhydrophobic surfaces.

On a superhydrophobic surface the droplet adopts an
approximately spherical shape. As such we can compare this
frequency to that of a freely suspended droplet (result in
figure 4). The considerably lower resonance frequency for the
sessile droplet can be rationalized by the fact that the centre of
mass moves vertically in an oscillatory motion, whereas it
does not for the free droplets, such as that in figure 4.

A more quantitative analysis of the resonance frequency
can be performed using the model of a spherical cap in
contact with a supporting substrate [52, 53, 58, 59]. This
model yields values for the oscillation frequency as a function

(o] ~ (o] (o]
o o o o
T T T T

frequency (Hz)

(o)
o
T

40 1 " | : | 1 | " 1 L | .
90 100 110 120 130 140

contact angle (°)

Figure 9. Frequency of the dominant first order resonance during the
damped oscillation regime as a function of the equilibrium contact
angle. Droplet volumes of 10 u1 (triangles) and 5 pl (circles) were
considered. The lines represent calculations using the model
described in the text [52, 58]. The solid, dashed and dash-dotted
lines correspond to 10.0 u1, 9.0 ul and 5.0 ul, respectively.

of surface tension, density, droplet dimension and contact
angle. We note that in the work of Strani and Sabetta [52, 53],
the contact angle is defined differently. For the regime of
contact angles considered here, the frequency is approxi-
mately linear in the contact angle. When we insert the
appropriate parameters for our droplets of 10.0 + 0.2 ul, we
obtain the solid line in figure 9.

The model appears to underestimate the frequency over
the entire range of contact angles, with the largest deviations
at smaller angles. The only adjustable parameter is the
volume. For a smaller droplet of 9.0 ul, good agreement
between calculated and measured data is obtained (dashed
line in figure 9). However, the model neglects gravity; we
already discussed its possible effect on the contact angles in
relation to figure 8. A similar effect may also be observed
here, in that the effective equilibrium contact angles are
somewhat larger than those for a spherical cap shape with the
same volume. The agreement between experiment and cal-
culation for the smaller droplets of 5.0 + 0.2 ul (circles and
dash-dotted line), on which gravity has a smaller effect,
confirms this assumption.

Finally, we focus on the damping of the oscillation
amplitude with time. For levitated, i.e. free droplets, the
damping only depends on the viscosity and the size; the
damping is linear in the viscosity and inversely proportional
to the radius squared [43, 54]. Here we consider sessile water
droplets with a fixed volume (10 ul), where only the hydro-
phobicity of the substrate with hierarchical roughness is
varied. In figure 10 we plot the relaxation rate I as a function
of the equilibrium contact angle. For this plot we included
many experiments with different impact velocities. Only the
damped oscillation regime was considered. The fact that the
results more or less follow a single curve suggests that the
behaviour in the relaxation stage does not depend on whether
or not bouncing occurred. This implies that whether the
droplet is in the Cassie—Baxter state (at high contact angles)
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Figure 10. Relaxation rate I” of the damped oscillation as a function
of the equilibrium contact angle for 10 ul droplets on surfaces with

varying morphology.

or in the Wenzel or mixed state (at low contact angles where
bouncing does not occur) has no effect on the relaxation
characteristics.

The variation of the relaxation rate clearly depends on the
equilibrium contact angle. From 90° toward 150° the relaxa-
tion rate decreases approximately by a factor of 4, implying
that damping is considerably reduced for more hydrophobic
surfaces. There are a number of possible damping mechan-
isms that may play a role in sessile droplets related to the
presence of a solid boundary and a three-phase contact line,
which do not occur in free or levitated droplets [54, 60].
These include bulk viscous dissipation, as well as solid
boundary layer effects. It has been suggested that the moving
contact line may also give rise to damping [61-64]. However,
analysis of our movies shows that in the damped oscillation
regime the contact line is pinned, and as such cannot con-
tribute to damping effects.

Bulk viscous dissipation occurs both in free and sessile
droplets. In the latter case, however, an additional geometric
factor takes into account the contact angle dependence of the
damping. For sessile droplets, the presence of a solid
boundary, i.e. the substrate, will also influence the damping of
capillary waves on the surface of the droplet [60, 65]. The
assumption of a no-slip boundary condition at the solid
interface means that the fluid velocity must drop from a finite
value to zero within a small distance of the solid boundary.
This introduces a steep velocity gradient, giving rise to non-
negligible energy dissipation in the fluid.

In a recent report, Sharp [54] has provided an overview
of possible mechanisms for damping in sessile droplets. On
the basis of experiments with droplets of different mass and
viscosity, it proved difficult to distinguish between the dif-
ferent mechanisms. Moreover, the treatment of interfacial
effects in the work by Sharp is rather basic, and relies on
expressions derived for waves on planar liquid surfaces.

Recent numerical simulations [66] were focussed on the
frequency and damping of oscillating sessile droplets. Com-
paring these simulation results to our experimental findings in
figure 10 reveals a very similar trend but at different absolute

values. On the basis of their work, Olgac and co-workers
consider viscous damping to be the most prominent con-
tribution to the damping. More detailed theories for damping
at the solid-liquid and liquid—air interfaces must be derived,
especially for the relatively large contact angles as considered
in this work. Our experimental results may provide an input
for future work in this field.

6. Conclusions

We have performed a systematic study of the behaviour of
droplets impinging on (super)hydrophobic surfaces with
hierarchical roughness, consisting of silica microsphere arrays
which are decorated with gold nanoparticles. Immediately
after release from the dispensing needle, the droplets exhibit
shape deformations between oblate and prolate during their
descent toward the surface. These oscillations, which can be
analysed in terms of existing models for levitated droplets, do
not affect the dynamics during or after impact on the surface.
The only parameter which is relevant in this respect is the
impact velocity.

Immediately after impact, the non-wetting behaviour of
the substrates gives rise to repulsion of the liquid, which leads
to multiple bouncing before eventually residing on the sur-
face. The number of bounces was found to depend both on the
impact velocity and the hydrophobicity of the substrate; the
latter is directly related to the equilibrium contact angle. The
data exhibit considerable scatter, but a trend can be discerned
where the number of bounces increases exponentially with
contact angle. Considering the energy loss due to contact
angle hysteresis during the short contact with the substrate,
such an exponential trend can be rationalized.

After the impact and bouncing regime, the droplets
exhibit damped oscillations. Both the frequency and the
relaxation rate were shown to depend strongly on the contact
angle. With increasing hydrophobicity, the frequency
decreases linearly with contact angle, in line with previous
literature reports. The damping rate also exhibits a decline for
increasing contact angle, again in agreement with available
experimental data. The possible damping mechanisms have
been reviewed but the data does not allow a clear identifica-
tion of the exact mechanism. More work is needed, both
experimentally and theoretically, to quantitatively elucidate
the results we have presented for hydrophobic substrates with
hierarchical roughness over a relatively large range of contact
angles.
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