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Hydrodynamic Force Measurements: Boundary Slip of Water
on Hydrophilic Surfaces and Electrokinetic Effects
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The hydrodynamic drainage force of aqueous medium between smooth hydrophilic surfaces was mea-
sured with the colloidal probe technique up to shear rates of typically 104 s21. Measured force curves
were compared to simulations. To reach agreement between experimental and simulated force curves,
the hydrodynamic force had to be fitted with a model allowing for boundary slippage. Boundary slip was
characterized by a slip length of 8 9 nm. Force measurements with charged surfaces could be simulated
taking only hydrodynamic and electrostatic double-layer forces into account.
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The structure and mechanical properties of fluids at solid
surfaces is important in many phenomena such as lubrica-
tion, adhesion, wetting, colloidal hydrodynamics, and mi-
crofluidics. In fluid mechanics, one usually relies on the
assumption that, when liquid flows over a solid surface,
the liquid molecules adjacent to the solid are stationary
relative to the solid and that the viscosity is equal to the
bulk viscosity. Though this might be a good assumption
for macroscopic systems, it is questionable at molecular
dimensions. Measurements with the surface forces appa-
ratus (SFA) [1–3] and computer simulations [4–6] showed
that the viscosity of simple liquids can increase by many
orders of magnitude, or even undergo a liquid-to-solid tran-
sition, when they are confined between solid walls sepa-
rated only few molecular diameters. Several experiments
indicated that also isolated solid surfaces induce a layering
in an adjacent liquid and that the mechanical properties of
the first molecular layers are different from the bulk prop-
erties [7–10]. The change in the mechanical properties
can be characterized by the position of the plane of shear.
Simple liquids often show a shear plane which is typi-
cally 3–5 molecular diameters away from the solid-liquid
interface.

Most of the experiments have been done for wetting flu-
ids. For nonwetting fluids slippage was observed [11–14].
Computer simulation confirmed that for low fluid-wall
interactions slippage occurs [15–17]. The hydrodynamic
boundary condition to describe slippage is [18] nS �
bdnx�dz. Here, nS is the slip velocity, dnx�dz is the local
shear rate, and b is the slip length. The slip length is the
distance behind the interface at which the liquid velocity
extrapolates to zero. There are, however, exceptions: Pit
et al. observed slip with hexadecane on wetted sapphire
surfaces [19]. Craig et al. inferred slip from force mea-
surements with partially hydrophilic surfaces (advancing
contact angle 70±) in aqueous sucrose solutions [20].

In this paper, we describe results of hydrodynamic force
measurements between hydrophilic surfaces (mica and
glass) in an aqueous medium using the colloidal probe
technique. The hydrodynamic force depends critically on
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the boundary condition between the liquid and the solid
surfaces. Thus, by fitting measured force-versus-distance
curves (from now on called “force curves”) with appro-
priate models, the boundary condition could be inferred.
Significant slip was found for water even on hydrophilic
surfaces.

Another purpose of this study was to check for electro-
kinetic effects in force measurements. Electrokinetic ef-
fects arise when a polar liquid flows over a charged solid
surface. When dealing with particles, the shear of the liq-
uid at charged surfaces leads to electroviscous forces [21].
Electroviscous forces were measured directly as a lift force
acting on a particle moving parallel to a charged flat sur-
face [22]. In force measurements with the colloidal probe
technique, the particle approaches a wall in a normal di-
rection. The liquid is drained out of the closing gap. De-
pending on the approaching velocity, high shear rates can
occur. This might lead to an “electrokinetic effect” in the
sense that the effective viscosity in the electric double layer
increases [23].

To detect electrokinetic effects three types of experi-
ments were done.

(i) “Hydrodynamic” force curves Fhy were recorded
with high approaching velocities. High salt concentrations
(200 mM monovalent salt, pH 5) were used so that the
electrostatic double-layer force was negligible. Therefore,
for distances h . 2 nm, the total interaction was purely
hydrodynamic.

(ii) “Electrostatic” force curves Fes were recorded at low
approaching velocity (negligible hydrodynamic force) in
2 mM monovalent salt and a pH around 11. Under these
conditions, the electrostatic double-layer force dominates
since the surfaces of borosilicate glass and mica are nega-
tively charged and the Debye length is large (6.8 nm).

(iii) “Electrokinetic” force curves Fek were recorded
at high approaching velocities and a strong electric force
(2 mM monovalent salt, pH 11). Electrokinetic force
curves were compared to simulated force curves, taking
the electrostatic double-layer force and the hydrodynamic
force into account.
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All experiments were done with the particle interaction
apparatus which was described previously [24]. Spherical
borosilicate glass particles (Duke Scientific Corporation,
Palo Alto, California) were sintered to atomic force mi-
croscope (AFM) cantilevers. We used particles with radii
R � 10 mm to avoid an influence of the cantilever on the
distance-dependent hydrodynamic force [25]. Rectangular
cantilevers (length L � 210 mm, width w � 52.5 mm)
made of silicon dioxide (1.0 mm thick, spring constant
K � 0.056 N�m) and polycrystalline silicon (0.5 mm
thick, K � 0.012 N�m) were specifically designed and
produced (IMM, Germany). Spring constants of canti-
levers were calibrated according to Sader et al. [26]. To
measure force curves, a particle was positioned a few
mm above the mica surface in a Teflon cuvette which was
filled with aqueous electrolyte. Then the mica surface
was periodically moved up and down at constant velocity
n0 with a 12 mm range piezoelectric translator (Physik
Instrumente, Germany, integrated position sensors, maxi-
mal n0: 70 mm�s). The deflection of the cantilever was
measured with an optical lever technique. Therefore, light
of a laser diode was passed through a waveguide (to ob-
tain a rotational symmetric spot) and focused onto the
back of the cantilever. The position of the reflected laser
spot is measured with a position sensitive device (United
Detectors, UK, active area 30 3 30 mm2). Cantilever de-
flection was recorded as a function of piezo displacement.
A force curve is calculated by multiplying cantilever de-
flection with the spring constant of the cantilever to obtain
the force, and adding piezo displacement and cantilever
deflection to obtain the distance from contact. The reso-
lution is practically limited by the thermal noise of the
cantilever, which in our case was below 0.3 nm, and the
uncertainty in determining zero distance. Since the sample
was hard compared to the stiffness of the cantilever the
error in zero distance is probably negligible.

Two typical hydrodynamic force curves recorded at
n0 � 4 mm�s and 40 mm�s are shown in Fig. 1. At
high velocities even at large distances, the Stokes friction
caused a deflection of the cantilever which did not depend
on the distance. Stokes friction increased linearly with
the velocity n0. When applying the Stokes equation of a
sphere F � 6phR�n0, we derive an effective radius R�

for the cantilever/particle of about 52 mm. Here, h is the
viscosity of the liquid.

When the particle approaches the mica surface the
repulsive force increases. This hydrodynamic distance-
dependent repulsion increases with increasing approaching
velocity. When retracting the particle with a low velocity,
usually the particle adhered to the sample and an adhesion
force had to be overcome. At high retracting velocities,
a stronger apparent attraction is observed because an ad-
ditional hydrodynamic force has to be overcome. Before
the particle can retract, the liquid has to fill the widening
gap between the particle and the flat surface.

We compared the experimental results with theoretical
models. Calculations were first done with a no-slip condi-
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FIG. 1. Hydrodynamic force-versus-distance curves measured
at low velocity (n0 � 4 mm�s, �) and high velocity (n0 �
40 mm�s, �) in aqueous electrolyte (200 mM NaCl, pH 5) on
mica. The force was normalized by dividing it by the radius of
the glass particle R � 10 mm. Only each 15th point is shown.
Approaching and retracting parts of force curves are indicated
by arrows. Simulations calculated according to Eq. (2) without
( f� � 1, dashed line) and with slip (b � 8.6 nm, continuous
line) are plotted. Positive forces are repulsive; negative forces
attractive.

tion which leads to a hydrodynamic force of [7,27] Fhy �
26phR2�h ? dh�dt. Here, dh�dt is the real velocity. In
a second calculation, slippage was allowed by introducing
a correction factor f� according to Vinogradova [28]:
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Both models assume creeping flow, Newtonian fluids, and
small distances (h ø R).

Hydrodynamic force curves were simulated by solving
the equation of motion for a sphere moving towards a flat
surface. Neglecting other surface forces, the hydrodynamic
force is balanced by the restoring force of the cantilever;
FK � K�h 2 h0 1 n0t�. Here, h0 is the initial separation
at t � 0. The expression h 2 h0 1 n0t is equal to the de-
flection of the cantilever. The effect of the hydrodynamic
force is to retard the particle. As a consequence, the ve-
locity of the particle at a given time t is not equal to n0
because the changing deflection of the cantilever has to be
taken into account. This results in a nonuniform velocity
of the particle during approach and retraction. The equa-
tion of motion, Fh � FK , was calculated separately for the
approaching and the retracting parts:

2
6phR2

h

dh

dt
f� �

Ω
K�h 2 h0 1 n0t� for approach
K�h 2 hr 2 n0t� for retraction.

(2)

The position of the piezo at the beginning of the retraction
was hr . Equation (2) was solved numerically.
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Force curves simulated with the no-slip boundary
condition � f� � 1� deviated significantly from measured
force curves, especially at distances below 50 nm (Fig. 1).
Even when introducing an additional prefactor to allow
for possible inaccuracies in R or K, no agreement was
achieved. When correcting for slip and simulating force
curves with Eq. (2), calculations agreed with experimental
force curves. Slip lengths of b � 8 9 nm were obtained
independent of n0. We would like to point out that, ex-
cept for the slip length, all parameters were determined
independently.

The experimental results lead to the conclusion that
boundary slip occurs for water on mica and/or glass. This
opposes the current view about the structure and mechani-
cal properties of water on hydrophilic surfaces. We do
not have a good explanation and can discuss only possible
hints for the discrepancy. The occurrence of a significant
slip length does not necessarily imply slip on the molecu-
lar scale. It could also be a hint for a reduced viscosity.
If the viscosity of the liquid in a surface layer of thick-
ness d is reduced from its bulk value h to hS , the effec-
tive slip length is given by b � d�h�hS 2 1�. Previous
experiments with the SFA [29,30] and flow measurements
through thin capillaries [31] indicate that the bulk liq-
uid viscosity is applicable down to separations below ten
molecular diameters. Thus, we believe that a reduced vis-
cosity is not the reason for slip.

Significant slip lengths of up to 20 nm were also found
by Craig et al. in aqueous sucrose solutions (viscosities
of 0.01 0.08 Pa s) [20]. They measured hydrodynamic
forces between gold coated silica spheres and gold coated
mica. The gold surfaces were coated with a self-assembled
monolayer of alkanethiols leading to an advancing contact
angle of 70±. In their case, slip lengths increased with
increasing viscosity and shear rate. The aim of our study
was (i) to avoid problems of gold/thiol coating such as the
increased roughness, (ii) to use aqueous medium with its
natural viscosity, and (iii) to use more hydrophilic surfaces.

Surface roughness could lead to an apparent slip length
because in contact the liquid can still flow out of the gap
beside the asperities. To exclude this, we imaged the par-
ticles with a commercial AFM in contact mode (Fig. 2).
The roughness of the particles was below 1 nm rms. Peak-
to-valley distances of areas of 1 mm2 were below 2 nm.

FIG. 2. AFM image of a glass particle recorded in contact
mode using oxide-sharpened tips. The right figure was flattened
and is shown at a height scale of 1 nm to show the roughness
in detail.
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Mica was atomically flat. Thus, surface roughness can
probably not account for the slip lengths obtained. To ver-
ify that our surfaces were hydrophilic, the receding contact
angle Qr of our glass particles was determined by micro-
sphere tensiometry, where the interaction of the particle
with an air bubble in an aqueous medium is measured [32].
We obtained zero contact angle. On mica also complete
wetting was observed.

Why did we detect slippage, while in previous experi-
ments no sign of slip was observed for water on smooth
hydrophilic surfaces? One possible factor is the high shear
rate we applied. For many liquids the viscosity depends
on the shear rate [5,16,33], and experiments with partially
wetted surfaces [14,20] indicate that the slip length in-
creases with the shear rate. The maximal shear rate was
calculated according to Horn et al. [13] taking into ac-
count that the velocity of the particle decreases from n0 at
a large distance to zero for h ! 0. Typical maximal shear
rates were 6000 s21 for n0 � 20 mm�s and 9500 s21 for
n0 � 40 mm�s at a distance h � 1 nm.

Electrostatic force curves, recorded at low velocity at
pH 11 and in 2 mM salt, showed the characteristic ex-
ponentially decaying double-layer repulsion. When fitting
force curves with a constant charge model for the double-
layer force decay lengths of 6.9 nm were obtained. This
agrees with the calculated Debye length of lD � 6.8 nm.
The constant potential model deviated at h , 15 nm from
measured force curves.

FIG. 3 (color). Normalized electrostatic Fes (red, n0 �
0.2 mm�s, pH 11, 2 mM KOH) and electrokinetic force curve
Fek (black, n0 � 40 mm�s, pH 11, 2 mM KOH). For compari-
son, also the hydrodynamic force Fhy (blue, n0 � 40 mm�s,
pH 5, 200 mM KCl) taken with the same particle (R � 10 mm)
and cantilever is shown. In the range of the electric double
layer, the sum of the electrostatic and hydrodynamic force,
Fhy 1 Fes (green), is higher than the electrokinetic force curve.
Approaching and retracting forces curves are shown. The inset
shows the approaching force curves in more detail. Only each
10th data point is shown.
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FIG. 4. Real velocity of the particle jdh�dtj versus piezo
position for a typical hydrodynamic (n0 � 40 mm�s, pH 5,
200 mM KCl, �) and an electrokinetic force curve (n0 �
40 mm�s, pH 11, 2 mM KCl, �) recorded with the same
particle. Continuous lines show results of simulations.

Electrokinetic force curves were more repulsive than
electrostatic or hydrodynamic forces upon approach
(Fig. 3). When retracting the particle, the electrostatic re-
pulsion decreased the apparent hydrodynamic attractive
force. The same results were obtained with NaCl, KCl,
KOH, NaOH, and KI. Hence, the effect did not depend on
the ion species. To simulate electrokinetic force curves,
we took the hydrodynamic and double-layer forces into
account. Therefore, a term Ae2h�lD was added on the left
side of Eq. (2). Here, A is the amplitude of the electrostatic
double-layer repulsion. It was obtained by fitting electro-
static force curves for h . 3 nm with the constant charge
model. Good agreement between simulated and experi-
mental force curves was achieved even for the retracting
part. We conclude that no special electrokinetic effect was
present up to shear rates of typically 104 s21.

Electrokinetic force curves were less repulsive than the
sum of the corresponding hydrodynamic and electrostatic
force curves in the approaching part (Fig. 3): Fek ,

Fhy 1 Fes. The reason is that when the particle ap-
proaches a charged surface and encounters an electrostatic
repulsion its velocity jdh�dtj decreases. The velocity in
the presence of electrostatic repulsion is lower than with-
out a double layer (Fig. 4). This reduces the hydrodynamic
force and thus the total interaction.
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