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Large Slip of Aqueous Liquid Flow over a Nanoengineered Superhydrophobic Surface
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While many recent studies have confirmed the existence of liquid slip over certain solid surfaces, there
has not been a deliberate effort to design and fabricate a surface that would maximize the slip under
practical conditions. Here, we have engineered a nanostructured superhydrophobic surface that minimizes
the liquid-solid contact area so that the liquid flows predominantly over a layer of air. Measured through a
cone-and-plate rheometer system, the surface has demonstrated dramatic slip effects: a slip length of
�20 �m for water flow and �50 �m for 30 wt % glycerin. The essential geometrical characteristics lie
with the nanoposts populated on the surface: tall and slender (i.e., needlelike) profile and submicron
periodicity (i.e., pitch).

DOI: 10.1103/PhysRevLett.96.066001 PACS numbers: 83.50.Rp, 47.45.Gx, 68.08.Bc, 81.40.Pq
FIG. 1. Concept of large effective slip by a nanoengineered
superhydrophobic surface in Couette flow. Liquid sits on hydro-
phobic structures by surface tension. The majority of the liquid
boundary is with air, where shear stress is much smaller. The
hydrophobic structures need to be relatively tall and populated in
submicron scale to sustain the liquid levitation and to produce
the effective slip over air under realistic conditions (i.e., pressure
ranging up to 1 atm).
To assume zero flow velocity at a wall, i.e., a ‘‘no-slip’’
boundary condition, is a fundamental element in analyzing
continuum fluid flow [1]. However, several molecular dy-
namics simulations have shown that the slip can be con-
ditioned through changes in fluid-surface interactions
[2,3]. Because the effect of deviation from the traditional
no-slip assumption becomes pronounced when the scale of
interest goes down to microns and below, there has been a
growing interest in characterizing the slip over various
surfaces, especially in liquid flow [4]. While a few reports
have addressed the slip over hydrophilic surfaces [5], many
have reported that certain hydrophobic surfaces allow no-
ticeable slip, with slip lengths in the range of 30 nm to
1 �m, theoretically [6], experimentally [7–17], and nu-
merically [18]. Several reasons have been proposed for
the slip over hydrophobic surfaces: molecular slip [6],
small dipole moment of polar liquids [17], and gas gaps
or nanobubbles at the solid-liquid interface [8,16,19]. In
particular, rough hydrophobic surfaces, so-called ‘‘super-
hydrophobic’’ surfaces [20] have been shown to generate
an ‘‘effective’’ liquid slip because of the air trapped be-
tween the surface structures [21–23].

Despite the studies, there has not been a deliberate effort
to design a low-friction surface of engineering signifi-
cance: a large slip effect for pressurized flows. The fine
grooves (i.e., cracks) in the rough surface in [22] constitute
only a small fraction of the surface and the rest of the
surface is also rough, making it difficult to isolate the effect
of trapped air. Although the lithographically patterned
hydrophobic mesa structures in [23] may be a convenient
way to demonstrate large slip effects, their pitches of many
microns would limit the surface function only under small
liquid pressures (<0:05 atm). Our goal, extended from our
previous report for droplet flows [24], is to fabricate a solid
surface full of tall and sharp nanoposts with a submicron
pitch, which would accommodate many pressurized
(�1 atm) flows, and demonstrate a large slip effect for
continuous flows.
06=96(6)=066001(4)$23.00 06600
Let us imagine Couette flow in which an air layer
separates liquid from a wall by the sharp tips of the hydro-
phobic posts, as shown in Fig. 1. Riding mainly over air,
the liquid is expected to flow over the solid surface expe-
riencing little friction. If one neglects the post structures
(as an ideal case), a slip length � due to the pure air layer of
thickness b can be represented by

� � b��l=�a � 1�; (1)

where �l and �a are the viscosities of liquid and air,
respectively [10]. A large effective slip is expected due to
the sizable viscosity difference between liquid and air,
larger with a thicker air layer. For example, if the liquid
is water and the air is 1 �m thick, the slip length � would
be�54 �m, disregarding the deviation from continuum at
this scale to simplify the discussion.

For the design of the surface structures, consider conical
posts of height b and cone angle 2� as shown in Fig. 1. The
posts are assumed to form a square array with a pitch d.
The meniscus is assumed to be of a spherical shape with
1-1 © 2006 The American Physical Society
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contact angle � (or advancing contact angle �A when the
liquid pressure increases) on the side surfaces of the posts,
balancing with the liquid pressure. The posts need to be tall
enough so that the meniscus does not touch the bottom
surface between posts [25]. The posts also need to be
populated densely enough, i.e., the pitch should be small
enough, so that the surface tension of the warped meniscus
withstands the pressure in the liquid. By a simple geomet-
rical calculation and the Laplace-Young equation, the post
height b and the interpost pitch d to hold up the liquid
meniscus against the pressure of liquid over air (�P �
Pl � Pa) can be obtained as

b >
1� sin��A � �����

2
p
j cos��A � ��j

d; d < 2
���
2
p
�
j cos��A � ��j

�P
;

(2)

where � is the surface tension of the liquid-air interface.
For example, if the liquid is water (� � 0:0727 N=m at
20 �C), �P is 0.1 MPa (�1 atm), and (�A � �) is 120�

[26], the pitch d should be less than �1 �m, and the post
height b should be larger than �0:2 �m. It is further
desired to make the posts sharp at the tip so that the
liquid-solid contact area is minimized and slender in shape
so that the contribution of air is maximized.

Considering the design requirements above, needle
structures with 1–2 �m height and 0:5–1 �m pitch were
fabricated on a silicon wafer by the black silicon method
[24], generating the surface we call ‘‘nanoturf’’ (Fig. 2).
The fracture stress of silicon is very high (�2:2� 109 Pa)
so that the slender nanoscale structures assure enough
robustness against external stresses induced even by ex-
treme flows. The surface was treated to be either hydro-
philic by O2 plasma or hydrophobic by spin coating of
Teflon® AF (DuPont). The Teflon thickness was estimated
to be 10–20 nm, as determined from cross-sectional scan-
ning electron microscope (SEM) images of the nanoturf
structures taken before and after the coating, which is
consistent with an ellipsometer measurement on a smooth
FIG. 2. SEM image of a nanoturf surface made by the black
silicon method [24]. The inset shows the apparent contact angle
of water droplet (i.e., �180�) on the nanoturf surface after the
hydrophobic coating with Teflon.
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surface. As references, both hydrophilic and hydrophobic
smooth surfaces were also prepared directly on silicon. A
surface roughness of �3 �A was measured for the hydro-
philic and �6 �A for the hydrophobic surface by atomic
force microscope. The contact angles of water were mea-
sured by a goniometer to be �10� on the hydrophilic
smooth surface, �0� on the hydrophilic nanoturf, �120�

on the hydrophobic smooth surface, and over 175� on the
hydrophobic nanoturf.

The slip length was obtained through torque measure-
ment with a commercial rheometer (AR 2000, TA Instru-
ments, New Castle, Delaware, USA), whose operational
torque range is between 0:1 �N m and 200 mN m with an-
gular velocity between 10�8 and 300 rad=s. A cone-and-
plate arrangement, the most popular geometry because of
the uniform shear rate over a sample, was used (Fig. 3). In
the present experiment, a stainless steel cone of 60 mm in
diameter, 2� in cone angle, and 53 �m in truncation is
used. For the bottom plate, the prepared test substrates with
the four different surface conditions (i.e., hydrophilic
smooth, hydrophobic smooth, hydrophilic nanoturf, and
hydrophobic nanoturf) are placed over a rheometer stage
with temperature set by a Peltier plate at 20	 0:1 �C. The
test liquids are deionized water and the aqueous solution of
glycerin at 30 wt % concentration. They are dispensed
between the cone and the test substrate by pipetting
�1:98 mL, which is the volume for a correct filling.

When a cone of radius R and very small cone angle �0

rotates at angular velocity �, the governing equation of the
Couette flow with a slip on the substrate can be represented
by

@���
@�


 2��� cot� � 0; (3)
���	=2; r� � �s; ���	=2� �0; r� � �r; (4)

where ��� is the shear stress in the � direction and slip
velocity �s is applied at the substrate wall. If we use
Navier’s hypothesis about the wall slip (i.e., a slip velocity
is proportional to the shear rate at a wall) and the wall shear
stress ��� is expanded into a Taylor series as a function of
�=�r�0�, the torque M on the rotating cone can be calcu-
lated as
FIG. 3. Schematic drawing of a cone-and-plate rheometer,
showing the geometric parameters and the reference frames for
the analysis of the Couette flow within it.
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FIG. 4. Experimental results for slip length. Hydrophobic
nanoturf (4) shows dramatic slip for both (a) water (�20 �m)
and (b) glycerin (�50 �m), while all other surfaces show slip
comparable to measurement uncertainties. The superhydropho-
bicity of the nanoturf surface was preserved throughout the
experiment with the slip length undiminished over time, suggest-
ing that the large effective slip by the air trapped on the hydro-
phobic nanoturf surface is not temporary. The secondary flow
was verified experimentally by observing the torque versus shear
rate data [27]. As the secondary flow became present, the torque
increased not linearly but exponentially with shear rate, which
was reflected in the results as the onset of the slip length
reduction. Although the data were not shown here, the torque
over the hydrophobic nanoturf was much smaller than the other
surfaces even in the secondary flow regime, suggesting that the
drag reduction by the large effective slip is still valid in the
unstable flow regime.
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(5)

where the viscosity � of the test liquid is assumed to be
constant, and terms of �=�R�0� higher than the second
order are discarded for simplification. Derived from the
torque measurement for each sample, the degree of slip is
quantified by slip length �, which can be calculated as

� �
R�0

4

�
1�

��������������������������������
8�0

	�R3

M
�
�

13

3

s �
; (6)

where the viscosity � of the test liquid is measured from a
capillary viscometer (i.e., a glass capillary tube) and con-
firmed to coincide with the known fluid properties: �w �
1:0� 10�3 Pa s for water and �g � 2:5� 10�3 Pa s for
30 wt % glycerin at 20 �C. The torque applied to the
rotating cone was measured over various shear rates. At
each shear rate, the average torque over a few minutes was
recorded after reaching a steady state with less than 3%
deviation. Each sample was tested several times to ensure
reproducibility.

Figure 4 shows the collection of the slip lengths for all
four surfaces in the flow of water and the 30 wt % glycerin.
The data were obtained within the reliable shear rate range,
e.g., free of secondary flow, for the corresponding liquid.
As postulated earlier, the hydrophobic nanoturf surface
demonstrates a dramatic slip effect of �20 �m in water
flow and �50 �m in 30 wt % glycerin, while the other
three surfaces do not show discernible slip in this experi-
ment. The indiscernible slips, however, are not to contra-
dict the reported slip over a smooth hydrophobic surface
[6–18] and even over a smooth or rough hydrophilic
surface [5]. The standard deviation of the slip length data
in our experiment is�3 �m, simply too large for all other
surfaces whose slip lengths are typically smaller than
1 �m. Instead, the key here is that our nanoengineered
surface has a much larger slip (i.e., at least 2 orders of
magnitude higher) than what we may expect from all other
surfaces. Along with the compatibility with pressurized
flows, this level of large slip effect is useful for engineering
purposes.

Note that the results of hydrophobic nanoturf show that
the slip length for 30 wt % glycerin is �2:5 times that for
water, consistent with the viscosity ratio of �2:5. In refer-
ence to Eq. (1), which states that the slip length should be
proportional to the viscosity of the test liquid, the result
supports the reliability of the measurements and suggests
that a more pronounced slip effect (i.e., larger slip length)
is expected with a more viscous liquid on the hydrophobic
nanoturf surface. According to Eq. (1), the hydrophobic
nanoturf, whose posts are 1–2 �m thick, has produced the
slip effect equivalent to a �0:4 �m thick pure air layer.
This is a reasonable result, considering the relative air
fraction of the nanoturf (estimated �60% from Fig. 2)
06600
and the nonuniform flow field, which constantly develops
along the repeated solid tips and air interfaces.

Although shear-rate-dependent slip has been reported in
several studies [2,8,9,13,15], the range of shear rates cov-
ered in the present experiment is too narrow to confirm the
shear-rate-dependent slip. Instead, the apparent increase of
slip length with shear rate shown in Fig. 4 is considered to
be caused by an experimental artifact, such as viscous
heating [27]. Although the temperature of the sample is
controlled to be constant by the Peltier plate, a slight
change in temperature of the test liquid by viscous heating
is expected, especially at high shear rates, affecting the
viscosity of the test liquid. For example, a 0.1 �C increase
1-3
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of temperature from the set point of 20 �C, which corre-
sponds to the uncertainty level of the Peltier plate, is
estimated to generate a �2 �m increase in the slip length
result. At the same shear rate, a temperature change by
viscous heating will be more pronounced in more viscous
liquid glycerin than in water, which is confirmed in
Fig. 4(b) where a clearer increase of the slip length with
shear rate is shown. The applied pressure to the test liquid
by the rotating cone was also monitored by the rheometer
system to examine the influence of pressure on the effec-
tive slip. Although the pressure slightly decreased with
shear rate, the measured pressure was low (i.e., less than
1 kPa) so that the corresponding deformation of the liquid
meniscus over the hydrophobic nanoturf structures was
estimated to be negligibly small (i.e., less than 1 nm sag
down), suggesting that the pressure is not involved in the
shear-rate-dependent slip in the current experimental
conditions.

The slip effect on the surface entails meaningful drag
reduction for various flow conditions. Consider Couette
flow, for example, with two parallel plates separated by a
gap h. If one of the two surfaces has a slip length �, the
drag reduction can be estimated as

�slip

�no-slip

��������Couette
�

1

1
 ��=h�
; (7)

where �slip and �no-slip are the shear stresses at a wall when
slip and no-slip boundary conditions are applied, respec-
tively. Large drag reduction can be obtained as the gap
between the plates becomes smaller, especially down to the
range comparable to the slip length. For example, over
66% or 83% drag reduction is expected for water or
30 wt % glycerin, respectively, at the gap of 10 �m.

The results above suggest that the hydrophobic nanoturf
surface engineered in this study can reduce the friction in
liquid flow significantly not only for droplets [24] but also
in continuous flows in various microscale fluidic problems.
It could also be applied to reduce the viscous skin friction
in macroscale applications, if the boundary layer thickness
of the body in the flow is comparable to the slip length.
While this study was performed in the laminar-flow regime
with moderate Reynolds number of 10–1000, these results
prompt the investigation of the slip effect of the nanoturf in
a turbulent flow regime with high Reynolds number as well
[28,29], since most macroscale flow extends from laminar
to turbulent flow.
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like to acknowledge Professor Joonwon Kim for the initial
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