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We used atomic force microscopy to study dynamic forces between a rigid silica

sphere (radius �45 mm) and a silica nano-particle super-hydrophobic surface

(SNP-SHS) in aqueous electrolyte, in the presence and absence of surfactant.

Characterization of the SNP-SHS surface in air showed a surface roughness of up

to two microns. When in contact with an aqueous phase, the SNP-SHS traps

large, soft and stable air pockets in the surface interstices. The inherent roughness

of the SNP-SHS together with the trapped air pockets are responsible for the

superior hydrophobic properties of SNP-SHS such as high equilibrium contact

angle (>140�) of water sessile drops on these surfaces and low hydrodynamic

friction as observed in force measurements. We also observed that added

surfactants adsorbed at the surface of air pockets magnified hydrodynamic

interactions involving the SNP-SHS. The dynamic forces between the same silica

sphere and a laterally smooth mica surface showed that the fitted Navier slip

lengths using the Reynolds lubrication model were an order of magnitude larger

than the length scale of the sphere surface roughness. The surface roughness and

the lateral heterogeneity of the SNP-SHS hindered attempts to characterize

the dynamic response using the Reynolds lubrication model even when

augmented with a Navier slip boundary.
1. Introduction

The term ‘‘soft matter’’ has been used to describe a very broad range of materials
from the synthetic to the biological with established and emerging applications.
An important and unique property of soft matter materials is that their geometric
deformations and the magnitude of their interactions with their environment have
to be determined self-consistently. This requires knowing how soft matter deforms
under external perturbations such as mechanical forces, hydrodynamic flow fields,
electric fields, and osmotic pressure gradients from chemical species. Previously,
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University of Melbourne, Parkville, Victoria, 3010, Australia. E-mail: D.Chan@unimelb.edu.au
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we have focused on interactions involving drops and bubbles that are the basic
building blocks in emulsions and foams to examine the coupling between geometric
deformation to both equilibrium1–8 and dynamic9–20 forces on the nanometre scale.
We also studied how adsorbed molecules at interfaces can modify these interactions
by changing equilibrium surface forces and altering hydrodynamic boundary condi-
tions of the flow field at liquid–liquid or liquid–gas interfaces.9,11–13,19 This paper
examines another type of soft material, a super-hydrophobic surface, where previous
knowledge of the interactions between drops and bubbles is critically relevant to
understanding nanometre scale interactions involving a super-hydrophobic surface
in an aqueous environment.

Perhaps the most well-known example of a super-hydrophobic surface (SHS),
commonly defined as any surface on which the contact angle of a sessile water
drop is larger than 140�–150�,21 is the lotus leaf.22 Originally described by Cassie
and Baxter,21 it is the microstructure of the surface as well as the surface chemistry
that impart super-hydrophobicity to the surface. The remarkable self-cleaning prop-
erty of the lotus leaf has inspired a large number of approaches23–25 to develop hier-
archical or patterned surfaces to create synthetic super-hydrophobic surfaces to be
used as anti-fouling coatings26,27 and in novel applications in microfluidic
devices.28–30 Here we study dynamic interactions involving SHS made from silica
nanoparticles (Fig. 1) that is being developed for use in anti-fouling coatings.26,31,32

These SHS are of interest because their method of preparation is quite simple
compared to processes involved in the manufacture of other types of SHS.23–25

The microstructure of the surface of these materials have a high degree of porosity
and roughness which impart to them the propensity to trap air within the porous
coating in aqueous environments. Thus they have a unique combination of a rough
and porous surface structure mixed with soft, trapped air bubbles in a single surface.

To investigate the dynamic behaviour of this soft matter material, we made use of
atomic force microscopy (AFM) measurements and theoretical modelling of the
dynamic interactions between these super-hydrophobic surfaces and a well-charac-
terized rigid ‘‘probe’’ particle in aqueous solutions. We attempt to quantify the
complex interplay between the hierarchical surface structure and the presence of
trapped air within the coating that mediate the dynamic behaviour of this soft matter
Fig. 1 Two views of the same glass plate where the slightly opaque half has been made into
a silica nano-particle super-hydrophobic surface; the clear half is uncoated glass. The drops
of water, tinted in pink, have a high contact angle on the super-hydrophobic side but spread
on the uncoated side.
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coating by examining the dependence of the interactions with relative velocity, solu-
tion conditions and the types of molecules present. In this context, our previous
work in AFM studies through novel force measurement methods and detailed
modeling of the dynamic interactions in deformable systems is particularly relevant.
Our initial studies focused on how equilibrium interactions affect droplet deforma-
tions1–8,33 that complement the work of other researchers34–38 and build on earlier
studies on bubbles which had less detailed analysis.39–43 More recent advances
extended to the study of dynamic forces involving two drops9,13–15,18 or a particle
and a drop.16,44 Earlier observations of dynamic deformations of a deformable
mercury interface near a mica surface due to mechanical and electrical perturbations
has also been modelled with quantitative success with the same theoretical frame-
work.19,20 The model also had success in predicting dynamic deformations in non-
aqueous systems of glycerine in silicone oil45 and has demonstrated that forces
between deformable drops can be measured by simply measuring geometric defor-
mations.46 For all of the above, the observed hydrodynamic forces are consistent
with the no-slip boundary conditions at solids and liquids interfaces.

Of particular relevance to the present work is our earlier studies of interactions
involving bubbles10–12 where, in the presence of surfactant, a no-slip boundary condi-
tion is observed whereas for a very clean air–water interface, the hydrodynamic
boundary condition is more consistent with a Marangoni boundary condition rather
than the no-slip condition. The dynamic interaction forces between a super-hydro-
phobic surface and a probe particle are expected to exhibit the effects of a combina-
tion of factors including the surface roughness, the hydrophobic character of the
surface, and the presence of trapped bubbles with larger interfacial areas. This raises
the question as to whether this combination of factors can be adequately captured
under the single concept of ‘slip’. However, what is clear is that the hierarchical
nature of the surfaces requires careful characterization of the surfaces and the
deployment of large colloid probes in the AFM measurement to maximize the
magnitude of the interaction.

2. Materials and methods

2.1. Preparation of silica nano-particle super-hydrophobic surface (SNP-SHS)

The surfaces were prepared by spin-coating a solution of 40 nm silica nano-particles
with methyltriacetoxysilane (MTAS) linker and polydimethylsiloxane (PDMS) in
a hexane solvent on 1 mm thick, 2.54 cm diameter glass discs. The discs were baked
in a furnace at 150 �C for 15 min. A more detailed description of the preparation
methods can be found elsewhere.31,32 The advancing contact angles of sessile drops
of various aqueous solutions on these surfaces were measured using a Dataphysics
OCA 20 tensiometer and goniometer system. For the 1 mM NaNO3 solution the
advancing and receding contact angles were 143� � 5� and 124� � 5�, respectively,
and for the 5 mM sodium dodecyl sulfate (SDS) solution the advancing and receding
contact angles were 117� � 5� and 95� � 5�, respectively. As these films were
prepared by depositing hydrophobized nano-scale particles, the result is a surface
with an extreme degree of roughness. The water contact angle of an equivalent
smooth surface of the polysiloxane cross-linker was measured previously to be 75�.26

2.2. Method

The super-hydrophobic surfaces were imaged with an Asylum MFP-3D AFM
(Asylum Research, Santa Barbara) both in air and in liquid with a closed fluid
cell in AC mode. The cantilevers used for the imaging in air were rectangular silicon
cantilevers (Budget Sensors, Sofia), and V-shaped non-conductive silicone nitride
cantilever (Veeco, Santa Barbara) were used for AC mode in water. The cantilever
and the SNP-SHS were cleaned in an ozone atmosphere for at least 20 min
just before the imaging experiments. The liquid measurements were first performed
This journal is ª The Royal Society of Chemistry 2009 Faraday Discuss., 2009, 143, 151–168 | 153



in 1 mM NaNO3 aqueous solution. Then the substrate was washed with 30 ml of
20 mM SDS solution and the imaging was performed at approximately the same
position on the sample in the same SDS solution three times over several hours.

For force measurements, a silica sphere of 45 � 2 mm radius was attached to
a custom-manufactured rectangular silicon AFM cantilever (dimensions: 450 mm �
50 mm� 2 mm) by using a two part epoxy adhesive.47 The spring constant of the canti-
lever, K (0.2� 0.02 N m�1) was determined by the thermal method.48 The radius of the
attached sphere was measured by video microscopy using a 50� objective. The
surface roughness of the attached sphere was measured by a reverse image on a spiked
grating (NT-MDT, Moscow) at the completion of the force measurements.

Force measurements were carried out using an Asylum MFP-3D AFM equipped
with a linear variable displacement transducer (LVDT) in a closed fluid cell between
a silica sphere and a freshly cleaved mica surface or a super-hydrophobic surface
either in aqueous NaNO3 or SDS solutions.

Force curves (an approach and retract force–distance cycle) were taken at a series
of approach and retract piezo scan rates between 500 nm s�1 to 2 mm s�1 over
a 70 mm � 70 mm scan area with 9 points on each line (a total of 81 force curves
per force map). At higher speeds, up to 50 mm s�1, the force curves were taken at
manually selected 5 to 10 separate locations on the substrates. Results for the
measured force normalised by the radius of the silica sphere were independent of
the sphere size for larger spheres (35–50 mm), although there were irregularities
with the smaller spheres (radius �19 mm).

The deflection of the cantilever was converted from voltage signal to distance
based on the constant compliance region (CCR) of force curves at slow
(�1 mm s�1) scan rates. The determination of the separation distance between the
sphere and the surface using a CCR analysis has a number of difficulties for dynamic
measurements. Further analysis of these data used an AFM force balance model
that is discussed below.
3. Results

3.1. Surface characterization

3.1.1. Images of the silica nano-particle super-hydrophobic surface (SNP-SHS).
Characterization of geometries involved in direct force measurements is a key
requirement for quantitative comparison with theoretical models. In the case of
super-hydrophobic surfaces with unusual surface morphology, characterization of
the surfaces in air to visualize the intrinsic surface topography, as well as observation
in liquid at the same aqueous solution conditions as the force measurement, is vital
because of the possibility of trapped air bubbles on the surfaces. The addition of
surfactant in the solution may also change the state of any trapped air on the
super-hydrophobic surface, so visualization before and after the addition of surfac-
tant in the same region is important.

3.1.2. In air. The topography of this type of super-hydrophobic surface is known
to have significant surface roughness on the micrometre scale in the z-direction.26

This was observed for the surfaces used in this study as well, where the roughness
for different scan size images is given in Table 1. On a 50� 50 mm scan the roughness
scale is several micrometres. On the scale of several micrometres, the surface rough-
ness is still of the order of half a micrometre. The surfaces also exhibit a large degree
of lateral heterogeneity as shown in Fig. 2. Due to the large scale roughness of these
samples, there may be some tip convolution effects when imaging the deepest valleys
in air. As described below, these effects are less of an issue when imaged in liquid.

3.1.3. In aqueous solution. A series of AFM images for a SHS submerged in
a 1 mM NaNO3 electrolyte is given in Fig. 3 at successively higher magnifications.
154 | Faraday Discuss., 2009, 143, 151–168 This journal is ª The Royal Society of Chemistry 2009



Fig. 2 AFM topography images of a silica nano-particle super-hydrophobic surface in air:
(a) top view and (b) 3D view.

Table 1 Average peak-to-valley roughness values of SNP-SHS from AFM images at a range of

scan sizes

Scan size/mm In air/mm In 1 mM NaNO3 electrolyte/mm

50 � 50 2.5 2.0

10 � 10 1.9 1.6

2 � 2 0.7 0.5
There are significant topographical differences compared to images in air, where the
troughs and valleys of the images in air have been replaced by smooth interfaces of
trapped air pockets that bridge the peaks of the surfaces. These features are visible
regardless of magnification and these flat regions, with height variations of less than
2 nm, exhibit a clear and consistent contrast in the phase and amplitude images as
well, indicating that these regions are not an artefact from tip convolution effects.
When imaged at higher forces, these interfaces become depressed and then restore
to their original height with a decrease in force. It is important to note the size of
these air pockets is on the scale of hundreds of nanometres or smaller.

To investigate possible differences in the nature of the trapped air on the SNP-
SHS in sodium nitrate and in SDS solutions, the same region was imaged before
and after the addition of surfactant. These images are shown in Fig. 4 where a large
bubble is also observed. The bubble appears to have a textured surface. This is an
artefact of the imaging process, where the pressure from the tip deforms the bubble
slightly by pressing on the topography underneath the air–water interface. Large
bubbles of this size were observed in only about 10% of the 50 � 50 mm scans,
whereas bubbles trapped within the peaks and valleys of the surface were observed
in all scans. The addition of surfactant is expected to change the geometry of the
bubble slightly as expected from adsorption of the SDS to the air–water interface
(decreasing the surface tension from 72 mN m�1 to 39 mN m�1), but the surfactant
does not remove the trapped air from the SNP-SHS.

3.1.4. Silica sphere. This study employed a very rough sphere in the context of
high precision AFM force measurements. It is well known that larger silica spheres
can have significant roughness compared to smaller spheres, where a recent study
also quantified this variability.49 Reverse imaging of the sphere (radius �45 mm)
in air reveals a peak to trough roughness of approximately 22 nm and a similar
root–mean–squared roughness over a 1 mm square region. This is significantly
rougher than smaller silica spheres (radius �5 mm) which commonly have
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Fig. 3 AFM topography images of a silica nano-particle super-hydrophobic surface in 1 mM
NaNO3 aqueous solution: (a) top view and (b) 3D view with a scan size of 30 � 30 mm; (c) a
zoomed in image of (a) with a scan size 8 � 8 mm; and (d) a zoomed in image of (c) with
a scan size 2.5 � 2.5 mm. The solid lines on figures (a), (c) and (d) correspond to the cross-
sections shown in the insets of the respective figures.
a root–mean–squared roughness under 3 nm.49,50 The local curvature on this lateral
scale is negligible due to the larger radius of the sphere.
3.2. Dynamic force measurements

In comparison to previous hydrodynamic drainage measurements on rigid surfaces,
a larger sphere was used (radius �45 mm) for several reasons. Both the sphere and
the SNP-SHS have significant surface roughness. Surface roughness has been
observed to decrease the hydrodynamic drainage force between a sphere and plate
geometry measured using AFM.51,52 In addition, previous studies using AFM often
used additives such as sucrose to increase the viscosity of the solution and hence the
magnitude of the hydrodynamic drainage force and experimentally accessible shear
rates,51,53,54 whereas this work was conducted without a viscosity modifier. In the
regime of low Reynolds number lubrication hydrodynamics pertinent to the present
experimental system, the hydrodynamic drainage force is expected to be linearly
proportional to viscosity and has a quadratic dependence on the radius of the sphere
for this geometry (see eqn (1)). In addition, the length scale of the surface roughness
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Fig. 4 AFM 50 � 50 mm scan size topography images of silica nano-particle super-hydro-
phobic surface in aqueous solutions: (a) top view in 1 mM NaNO3 electrolyte; (b) 3D view
of (a); (c) the same region of the surface after replacing the 1 mM NaNO3 electrolyte with
a 20 mM SDS; (d) 3D image of (c). The large egg-shaped feature in all images is a large air
bubble on the surface. The lines on the bubble are scan line artefacts from the imaging process.
of the SNP-SHS and lateral heterogeneity are on the scale of micrometres, therefore
the probe particle radius must be significantly larger than these length scales.

3.2.1. Silica sphere—mica surface. The large silica sphere has a non-negligible
surface roughness. To isolate the effects of surface roughness of the large silica
sphere prior to studying the SNP-SHS, the hydrodynamic drainage forces between
the sphere and a model smooth surface, freshly cleaved mica, in aqueous solutions
were examined. Typical dynamic force data as a function of time are shown in
Fig. 5(a) at a series of increasing scan rates in 1 mM NaNO3. The time axis for
each scan rate has been scaled by b, the ratio between the scan rate and the lowest
scan rate of the series. It is important to note this is a dynamic measurement and so
all quantities such as the force, piezo position, separation and the velocity of the
sphere are all parametric in time. The piezo velocity, dXLVDT/dt, is not constant
due to the non-linear motion of the piezo, but the LVDT records the actual position
of the piezo with time which will be used directly in the analysis and model calcula-
tions. In addition, the velocity of the sphere will vary significantly with time in the
proximity of the mica. The large hysteresis between the approach and retract curves
and dependence of the force on approach and retract scan rate is clear. Both the
magnitude of the repulsion on approach and the magnitude of the smoothly varying
minimum upon retraction have a strong dependence on the piezo scan rate. The
overall functional form of these data is similar to previous AFM measurements
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Fig. 5 Measured forces between a silica sphere (45 mm radius) and mica in aqueous solutions
of (a) 1 mM NaNO3 at average tip velocities of 11.8 (blue >), 23.3 (orange B) and
34.5 (green ,) mm s�1; and (b) 20 mM SDS at average tip velocities of 11.7 (blue >), 23.4
(orange B) and 35.1 (green ,) mm s�1. The time is scaled by a velocity ratio b (b ¼ Vh/Vl,
where Vh is 11.8, 23.3 and 34.5 mm s�1, or 11.7, 23.4 and 35.1 mm s�1 and Vl is 11.8 or
11.7 mm s�1 for (a) and (b), respectively). The solid lines in (a) and (b) correspond to an
AFM force balance model fit to these data. The initial separation, h(0), is determined from
the fit. The h(0) value from lowest to highest scan rates are 2300, 2300 and 2185 nm for
(a) and 2256, 2275 and 2208 nm for (b). The insets in (a) show the photograph of the sphere
attached on a rectangular cantilever and schematic diagram of the sphere–surface configuration
showing the cantilever displacement function, X(t); sphere radius, R; and separation, h(r, t).
using smooth particles and flat surfaces.51–54 A rigorous comparison to theory will be
discussed below.

In the presence of a 20 mM SDS solution, dynamic force measurements were
carried out using the same sphere and on the same sample in the same region as
the measurements in Fig. 5(a). Typical results are shown in Fig. 5(b) and show
a similar behaviour to Fig. 5(a). The electrical double layer forces are screened to
a larger extent as the electrolyte concentration is an order of magnitude higher,
the Debye length has decreased by two thirds and the surface potentials are expected
to be lower (see Appendix). At this SDS concentration, adsorption of the SDS is not
expected to either the mica surface or the silica surface as they are both negatively
158 | Faraday Discuss., 2009, 143, 151–168 This journal is ª The Royal Society of Chemistry 2009



charged,55,56 so differences between the two measurements (Fig. 5(a) and (b)) are
largely attributed to the differences in electrical double layer repulsion.

3.2.2. Silica sphere–silica nano-particle super-hydrophobic surface (SNP-SHS).
The same silica sphere used in the measurements presented in Fig. 5 was used to
measure the hydrodynamic forces between a sphere and SNP-SHS in the presence
of 1 mM NaNO3, 5 mM SDS and 20 mM SDS for a series of scan rates. Typical
force data of measured forces versus time are shown in Fig. 6(a), (b) and (c) for these
three solution conditions. In contrast to the mica data in Fig. 5, there is almost
a complete absence of any speed dependent repulsion in Fig. 6(a) for the 1 mM
NaNO3 solution conditions and the absence of a smoothly varying hydrodynamic
minimum in the retraction phase. Force measurements taken in the same region
of the surface change significantly upon the exchange of 5 mM SDS for the
NaNO3 solution as shown in Fig. 6(b). The exchange of 20 mM SDS results in an
additional increase of the dependence of the observed forces on scan rate shown
in Fig. 6(c). The oscillations in the retraction curve are from a ringing in the piezo
and tip holder that occur at high scan rates around the start of the retraction phase.
This type of artefact has been observed previously in dynamic force measurement
between rigid surfaces and is not expected to adversely affect the measurements.53
4. Discussion

4.1. Silica sphere–mica surface

Model comparison. The dynamic forces observed between the silica sphere and the
mica surface have been compared to a force balance model of the AFM measure-
ment that accounts for the electrical double layer forces between the silica and the
mica, the motion of the cantilever in the AFM measurement, and the hydrodynamic
drainage forces between the surfaces. Key points of the model are discussed below
with the detailed description of the theory and relevant model equations provided
in the Appendix. To describe the hydrodynamic drainage force between the two
surfaces, the choice of the boundary condition of the velocity of the liquid adjacent
to each surface is critical. The traditional assumption is that the tangential compo-
nent of the velocity of the liquid at the surface is the same as that of the surface,
commonly referred to as the no-slip boundary condition. Using Reynolds’s lubrica-
tion theory, the hydrodynamic drainage force can be given by:

Fno�slip ¼ �6pmR2 1

h

dh

dt
(1)

where m is the dynamic viscosity, R is the radius of the sphere, h is the separation and

t is time. A comparison between this no-slip model and experimental dynamic force

data plotted as a function of time for mica–sphere interaction is shown in Fig. 7 for

the 1 mM NaNO3 case. The deviation observed between the calculations is typical

for all of the data from Fig. 5(a) and (b) and is evidence that the hydrodynamic

drainage force is significantly reduced from what is expected between two smooth

surfaces following a no-slip boundary condition. In fitting the model to the force

versus time data, the model is used to determine the mica–sphere separation.
This approach is significant as the determination of the separation between inter-

acting surfaces is a key step in AFM force measurements. Traditionally, the force–
displacement relation in the constant compliance region (CCR) is used to calibrate
the instrument and to determine the location of hard contact and zero separation57–59

for each force curve. However, for rough surfaces, hard contact occurs between the
highest asperities of the surfaces and may lead to sliding or twisting of the cantilever
upon further loading. In this work we use a static (low scan rate) measurement, to
calibrate the instrument to process measurements at higher scan rates under similar
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Fig. 6 Measured forces between a silica sphere (45 mm, radius) and a silica nano-particle super-
hydrophobic surface in aqueous solutions of (a) 1 mM NaNO3 at average tip velocities of 11.9 (blue
>), 35.0 (orange ,) and 58.0 (green B) mm s�1; (b) 5 mM SDS at average tip velocities of
11.4 (blue >), 34.3 (orange ,) and 57.3 (green B) mm s�1; and (c) 20 mM SDS at average tip veloc-
ities of 11.3 (blue >), 35.3 (orange ,) and 55.5 (green B) mm s�1. The time is scaled by a velocity
ratio b (b ¼ Vh/Vl, where Vh is 11.9, 35.0 and 58.0 mm s�1, or 11.4, 34.3 and 57.3 mm s�1, or 11.3,
35.3 and 55.5 mm s�1 and Vl is 11.9 or 11.4 or 11.3 mm s�1 for (a), (b) and (c), respectively.
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Fig. 7 A comparison of the measured forces between a silica sphere (45 mm radius) and mica in
aqueous solutions of 1 mM NaNO3 at average tip velocities 11.8 (blue >), 23.3 (orange B) and
34.5 (green ,) mm s�1 from Fig. 5(a) to an AFM force balance model using a no-slip boundary
condition for the hydrodynamic drainage force. The solid lines are the model calculation. The
time is scaled by a velocity ratio b (b ¼ Vh/Vl, where Vh are 11.8, 23.3 and 34.5 mm s�1 and Vl is
11.8 mm s�1).
conditions and use a hydrodynamic model to determine separation. Furthermore,
previous force measurements of hydrodynamic drainage have had difficulties in
determining the absolute separation that led to the conclusion that there is slip on
a hydrophilic surface.57,60,61 Recent AFM measurements that incorporated an
evanescent wave scattering method to determine hard contact have shown that
the observation of slip on hydrophilic surfaces measured using AFM to be an arte-
fact.54,62 Thus, the approach using force versus time may circumvent some of the
above difficulties, depending on the accuracy of the hydrodynamic drainage model.

One approach to account for the effects of surface roughness on hydrodynamic
drainage has been to use the Navier slip model and invoke the concept of a slip
length, where the velocity of the liquid adjacent to a surface is assumed to be propor-
tional to the shear stress at the surface.51,52,63,64 The concept of a slip length in the
context of thin film drainage52,65–67 was originally proposed to explain deviations
in hydrodynamic drainage forces for smooth surfaces but has also been used to char-
acterise rough surfaces.51,52 We compared our mica–sphere experiment results to
a hydrodynamic drainage model that allows slip on one surface, in this case the silica
sphere, as we know from independent experiments that the no-slip boundary condi-
tion is appropriate for the molecular mica surface.11,68,69 The hydrodynamic drainage
force for this model is given by

Fslip ¼ �6pmR2 f ðhÞ
h

dh

dt
(2)

where f(h) is a function that allows for a slip length on one of the surfaces (see

Appendix). The resulting comparisons of the model to the data for the 1 mM

NaNO3 and 20 mM SDS are given in Fig. 5(a) and (b), respectively. As the mica–

surface separation is parametric in time, one can extract the variations of this

separation from the resulting model fit. The fitted initial separation for each exper-

iment, h(0), are reported in Fig. 5. The incorporation of a slip model for the silica

surface, has improved the agreement significantly, but there are still deviations as

the force approaches the turn-around point, which occurs at small separations.

The magnitude of the force data is consistent with the theoretical calculations, but

the time position of the minimum in the forces is often predicted after the minimum

in the data. Previous studies of hydrodynamic forces focused mainly on analysing

the approach curves,51,54 whereas the comparison in this work would suggest the
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Table 2 The fitted Navier slip lengths for the silica sphere surface for silica–mica force data

presented in Fig. 5

Speeda 11 mm s�1 23mm s�1 35mm s�1

1 mM NaNO3 90 nm 120 nm 120 nm

20 mM SDS 240 nm 325 nm 350 nm

a These are nominal velocities, exact value given in Fig. 5.
importance of examining the retraction curve as well to evaluate the accuracy of any

model. The slip lengths for each system, NaNO3 or SDS, given in Table 2 that fit

each force curve varies by around �10% over the range of scan rates examined.

The magnitude of the slip lengths is much larger than the length scale (�20 nm)

of the surface roughness of the silica sphere. The degree of agreement between exper-

iments and predictions of the slip model and the deduced slip length can be affected

by the extent that surface roughness can be described by the Navier slip model.
There have been recent advances in quantifying the effects of surface roughness on

the measurement of static colloidal forces.50,70,71 The most general consideration is
that contact between rough surfaces is determined by the tallest asperities and there-
fore the magnitude of forces at contact will be reduced compared to those between
smooth surfaces. In interpreting measurements of hydrodynamic forces between
colloidal particles, the assumption of axisymmetric flow between smooth surfaces
becomes problematic, particularly when the surface roughness becomes comparable
to the mean separation, as in the case of the SNP-SHS in the present experiments.

Several studies have examined hydrophobic surfaces that were either chemically
modified52 or were polymeric surfaces63,64 with intrinsic roughness. Only one AFM
study has examined hydrophilic surfaces with rough surfaces by chemical modifica-
tion of a silica surface.51 The Navier slip model was used to interpret the measure-
ments and the fitted slip lengths were also up to an order of magnitude larger
than the length scale of the surface roughness where the previous study used a similar
slip model. Vinogradova has proposed modifying the slip model by adding an addi-
tional parameter, which acts effectively as an offset in the separation, but this adds
an additional fitting parameter to the model.52 In addition, it is difficult to quantify
the effects of random lateral heterogeneities that may give rise to low resistance
lateral drainage pathways and hence reduce the magnitude of the hydrodynamic
interaction relative to that between ideal smooth axisymmetric surfaces. Further-
more, even between surfaces with similar mean peak-to-trough roughness, the
detailed surface topography can be quite different, so the lack of correlation between
the deduced Navier slip length and the peak-to-trough roughness suggests that the
model is at best empirical and a unified theory is yet to be developed.

4.2. Silica sphere–silica nano-particle super-hydrophobic surface (SNP-SHS)

The SNP-SHS possesses a surface roughness (�1–2 mm) several orders of magnitude
greater than the silica sphere (�20 nm), which makes a detailed analysis of the
hydrodynamic drainage force much more complicated. Indeed, the measured
dynamic forces involving an SNP-SHS are significantly smaller than that involving
mica and in some cases are almost undetectable. The approach used by previous
researchers to interpret measured forces between a rough silica sphere and a smooth
mica surface was to apply a Navier Slip model and treat the surface roughness as
a perturbation to a smooth surface. The AFM images of the SNP-SHS indicate
that the SNP-SHS roughness is extreme in comparison to the silica sphere and the
surface itself is extremely porous. The SNP-SHS images in water do indicate that
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the topography may appear flatter due to the presence of trapped air within the
surface, but the surface roughness is still several hundred nanometres in range,
even on a lateral scale of 1–2 mm. The large variations in lateral heterogeneity
coupled with the magnitude of the roughness in the normal direction indicate that
the axisymmetric lubrication model with smooth surfaces used for the silica
sphere–mica system may not be extended to the SNP-SHS system.

The force data with the SNP-SHS exhibit some dynamic force behavior, but not
for every solution condition. As described above, the forces with the SNP-SHS in the
presence of NaNO3 exhibit almost no dependence on scan rate, whereas the cases for
5 mM and 20 mM SDS show increases in the magnitude of a scan rate dependent
force. To demonstrate that the forces in the SDS case arise from hydrodynamic
drainage, the data from Fig. 6(a) and (c) were rescaled and plotted in Fig. 8. The
cantilever deflection, which is proportional to the force, was divided by the average
velocity and plotted against the same scaled time used in the insets of Fig. 6. For
both Fig. 8(a) and (b) the approach points of the force curves roughly collapse on
one another nearly forming a master curve. In the case of Fig. 8(a), the NaNO3

case, there appears to be very little interaction, dynamic or static. In the case of
the SDS in Fig. 8(b), this suggests that the deflection is dominated by hydrodynamic
drainage effects. The variation in the overlap is primarily due to the variations in
both starting separation and the variable nature of the rough SNP-SHS.
Fig. 8 Force vs. time curves for a silica sphere (45 mm, radius) and a silica nano-particle
super-hydrophobic surface in aqueous solutions of (a) 1 mM NaNO3 at average tip velocities
of 11.9 (blue >), 35.0 (orange ,) and 58.0 (green B) mm s�1; and (b) 20 mM SDS at average
tip velocities of 11.3 (blue >), 35.3 (orange ,) and 55.5 (green B) mm s�1. Both the force and
time are scaled by a velocity ratio b (b¼ Vh/Vl, where Vh are 11.9, 35.0 and 58.0 mm s�1, or 11.3,
35.3 and 55.5 mm s�1 and Vl is 11.9 or 11.3 mm s�1 for (a) and (b), respectively.
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The SNP-SHS makes it difficult to develop further quantitative analysis using
lubrication theory, but the rescaling of the SDS data and the lack of any dynamic
effects in the absence of surfactant suggests that the trapped air in the SNP-SHS
has an important role in affecting hydrodynamic drainage behavior. There are
several possible reasons that the addition of surfactant can cause an increase in
the drainage force. The first possible effect is from the change in shape and position
of the air–water menisci of the many trapped air pockets on the SNP-SHS. As
mentioned above, the contact angle of water on the SNP-SHS changes with surfac-
tant present (from approximately 140� to 120�) as well as the change in surface
tension with the addition of SDS. The AFM images before and after the addition
of surfactant show that the trapped air is not removed, but the shape of the air–water
menisci may change reducing some of the rough character of the surface. Both
previous work and the measurements in this work on mica indicate that as surface
roughness is reduced the hydrodynamic drainage forces will increase. Even with
SDS in the system, the magnitudes of the dynamic forces are still considerably
smaller than that observed for smooth surfaces such as mica.

The second possible reason for the changes in drainage behavior is from the
boundary condition at the multitude of air–water menisci on the SNP-SHS. In the
absence of any surface active materials the air–water interface is expected to match
the velocity of the fluid adjacent to it, referred to as a completely mobile interface,
which has the effect of significantly reducing the resistance to flow in the thin film
between the sphere and the SNP-SHS. The addition of surface active materials at
sufficiently high concentrations will saturate these interfaces, causing them to
become immobile and result in an increase in the hydrodynamic drainage forces
between the sphere and the SNP-SHS.

In our previous studies, we have been able to produce bubbles attached to an
AFM cantilever with similar radii to the silica sphere in this work and examine
the hydrodynamic drainage behavior during the velocity-dependent approach and
retract above a mica plate.10–12 In the presence of sufficient surfactant to saturate
the air–water interface, the measured hydrodynamic forces change from the air–
water interface being consistent with a partially mobile Marangoni surface to
a no-slip surface. An example of the agreement between theory and measurement
for the interaction forces between a bubble and flat mica plate is shown in Fig. 9
for a series of approach and retract scan rates. This result is consistent with
what is expected for the case of a system with surfactant present and is consistent
with our previous work studying the hydrodynamic interactions between oil
droplets.9,13–18

Force measurements in the absence of any surfactants exhibited behavior that was
intermediate between that of an air–water interface with a completely mobile
Fig. 9 Dynamic forces between a bubble and a mica plate in 10 mM SDS at tip velocities
5 (red O), 10 (blue >), 20 (orange B) and 30 (,) mm s�1 and the model with no-slip boundary
condition (solid lines).11
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Fig. 10 Dynamic forces between a bubble and a mica plate in 1 mM NaNO3 (no SDS) at tip
velocity 30 mm s�1 (blue ,) and the model with no-slip (solid line) and full-slip (dotted line)
boundary conditions.11
interface and a completely immobile interface. An example of this is shown in
Fig. 10. The observed force behavior was consistent with a partially mobile interface
where both surface diffusion and convection were present due to the transport of
ultra low levels of contaminants at the air–water interface. The authors proposed
a method to model this quantitatively using a simple adsorption isotherm. These
data and calculations demonstrate that on smooth surfaces the effects of surfactant
can affect the hydrodynamic drainage forces in geometries of comparable sizes to
this study by as much as fifty percent through altering the air–water boundary condi-
tion from a partially mobile interface to an immobile interface. The conclusion is
that it is difficult to obtain air–water interfaces that are clean enough with such small
surface areas to observe a fully mobile interface and this is consistent with difficulties
in obtaining completely clean bubbles in bubble rise and bubble coalescence
studies.72–74

The pronounced lack of drainage forces in the NaNO3 solution and then increases
in the magnitude of drainage forces with SDS solutions would suggest that the
mobility of the air–water interfaces of the surface air pockets may play a significant
role in the drainage behavior. It is worth noting that in the case of a SNP-SHS there
is a large interfacial area of trapped air pockets such that contamination levels at the
air–water interface may be quite low. Previous drainage studies by Charlaix and
co-workers75,76 between a millimetre size glass sphere and an order array of bubbles
referred to as a ‘‘mattress of bubbles’’ have demonstrated the importance of the
effects of a large number of bubbles at an air–liquid interface, but this study did
not examine the effects of added surfactant and it employed viscosity modifiers
with mixtures of water and glycerol. The added complexity of the SNP-SHS makes
it difficult to identify if the geometric changes in the air–water interface are more or
less important than an alteration of the flow boundary conditions at the air–water
interfaces, but in either case the dynamic forces are clearly mediated by the presence
and effect of surfactant on the air–water interface.
5. Conclusion

Surfaces that are used in practice that possess large scale surface roughness and
heterogeneity can significantly reduce hydrodynamic effects that may dominate
the dynamic interaction between relatively smooth surfaces. Previous work for
hydrodynamic interactions between bubbles and surfaces has shown that the role
of molecules at interfaces in changing hydrodynamic boundary conditions may be
relevant to this SNP-SHS as well because of the presence of air pockets on such
a surface. In addition the high degree of surface roughness of the SNP-SHS also
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Table 3 System parameters for 1 mM NaNO3 and 20 mM SDS

Parameter Experimental Model

Viscosity, m/Pa s 10�3 10�3

Spring constant/N m�1 0.20 � 0.02 0.22

Mica surface potential (NaNO3)77/mV �80 � 10 �80

Mica surface potential (SDS)77/mV �70 � 10 �70

Silica sphere surface potential (NaNO3)78/mV �50 � 10 �50

Silica sphere surface potential (SDS)78/mV �20 � 10 �20

Radius of silica sphere/mm 45 � 2 43
has an important role. One must use caution when attempting to extrapolate ideas
gained about hydrodynamic drainage models developed for smooth surfaces to
practical situations in either super-hydrophobic surfaces or even in other applica-
tions such as micro-fluidics, where surface roughness is often a key feature that is
not well modeled by the concept of a simple Navier slip.
Appendix

The equation that governs the evolution of the separation, h(t), between the silica
sphere and the mica or super-hydrophobic surface is obtained by balancing forces
on the sphere due to cantilever deflection, colloidal forces and hydrodynamic inter-
action. It has the form (see Fig. 5(a) in the inset):

dh

dt
¼ h

6pmR2f ðhÞ {K½DXðtÞ � hðtÞ þ hð0Þ� þ 2pR EðhÞ} (A1)

where

f ðhÞ ¼ 1

4

(
1 þ 3h

2b

��
1 þ h

4b

�
log

�
1 þ 4b

h

�
� 1

�)

is the function that characterizes the hydrodynamic boundary condition of no-slip

on the mica surface and Navier slip on the silica sphere52,65 with slip length b. Inter-

actions due to surface forces such as electrical double layer or van der Waals inter-

actions are represented by the Deryaguin method in terms of the interaction energy

per unit area, E(h). The piezo displacement function DX(t) is taken from the LVDT

output of the AFM. The cantilever deflection [DX(t) � h(t) + h(0)] can be obtained

by solving eqn (A1) with a suitable choice of the initial separation, h(0).
In our modeling we use the Poisson–Boltzmann theory to estimate the electro-

static repulsion for a given surface potential on each surface. van der Waals interac-
tions are negligible for the range of separation encountered in our modeling.

The specific parameters used in modeling the fits in Fig. 4(a) and (b) are given
below in Table 3.
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