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Effects of roughness pitch of surfaces

on their wettability
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Waseda University, Tokyo, Japan

The surface roughness factors, such as the Wenzel roughness factor and so on, are very
interrelated to each other. Therefore, it makes a precise discussion difficult on how the
surface roughness affects the wettability. We already reported the effect of the surface
roughness on the wettability at a constant Wenzel roughness factor using two kinds of
models, the hemisphere close packing model and the hemiround rod close lining model.
Nevertheless, the pitch is proportional to the height in these models. Therefore, we could
not independently discuss the influence of roughness height and roughness pitch on the
wettability.

We developed our new models which can independently describe the influence of the
surface roughness height and the roughness pitch on the wettability. We simulated loose
packing sphere models by periodically placing small ball bearings and the loose lining
round rod models by winding fine wires. The wettability was measured by the sessile drop
method for the non-wetting system using paraffin coated samples and aqueous solutions.
These results show that there is a critical pitch which determines the maximum contact
angle in both systems. These results can be explained by the ratio of the solid/liquid/vapor
and liquid/vapor line length at the three phase line. C© 2005 Springer Science + Business
Media, Inc.

1. Introduction
It is well known that the surface roughness of a solid
significantly affects its wettability [1–6]. The influence
of the surface roughness on the wettability has been
investigated by many researchers using surface rough-
ness factors such as the Wenzel roughness factor [1], the
Cassie equation [2, 3, 7–9], etc. For changing the rough-
ness of a solid surface, many researchers used powders
[10], photoresist micropatterns [11, 12], a porous sur-
face [4, 10], a spherical stylus surface [13] and a regular
pyramid surface [14]. However, their roughness factors
depended on each other which make a precise discus-
sion difficult. We already reported the effect of sur-
face roughness on the wettability at a constant Wenzel
roughness factor using two kinds of models, namely, the
hemispheres close packing model and the hemiround
rod close lining mode [7]. By using these models, the
roughness height can be varied based on the radii of the
spheres and rods. This means that the Wenzel rough-
ness factors, calculated on the basis of the diameter in
both models, are constant. Therefore, the effect of the
surface roughness height on the wettability can then
be discussed without changing the Wenzel roughness
factors.

Nevertheless, we could not independently change the
roughness height and the roughness pitch in these mod-
els. Therefore, we developed our new models which can
be used to separately discuss the influence of the rough-
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ness height and the roughness pitch on the wettability.
We made two kinds of surface models, namely the loose
packing sphere models and the loose lining round rod
models.

2. Experimental concept and procedure
The loose lining round rod (LLRR) models were made
using a lathe by winding fine stainless wires around
a half machined brass bar on the longitudinal surface.
Fig. 1 shows photos of these samples. The roughness
height hr, namely the diameter of the wire, was 50 µm
and the spacings, λ, were 50 µm (close lining), 100 and
200 µm, observed by a long-distance optical micro-
scope. As can be clearly seen, the spacing is perfectly
constant.

The loose packing sphere (LPS) models were made
by placing small steel ball bearings on a sieve with the
spacing of λ and transferring them on a glass plate.
The SEM photograph of the LPS model is shown in
Fig. 2 as an oblique view. The diameter of the balls,
the roughness height hr, was 200 µm and the spacing,
λ, was 254 µm. These rough surface models were then
coated with few microns thick paraffin layer using an
ether solution [7].

The sessile drop method was used for the measure-
ment of the contact angle in the non-wetting system
with the paraffin-coated samples and aqueous solutions.
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Figure 1 Photographs of LLRR surfaces (hr = 50 µm): (a) λ = 50 µm, (b) λ = 100 µm and (c) λ = 200 µm.

Figure 2 Oblique view of SEM photograph for LPS surface (hr =
200 µm, λ = 254 µm).

In these experiments, we used pure water and the aque-
ous solution containing 0.05 mass% of a surfactant,
sodium n-dodecyl sulfate (SDS). The volume of a ses-
sile drop was about 4 mm3. The contact angle between
paraffin and pure water is 107◦, which is nearly iden-
tical to the value reported by Asahara [15] and Navas-
cues [16], and that of paraffin and aqueous solution
is 96◦.

The experimental conditions are summarized in Ta-
ble I. In this table, the roughness height, hr, is equal to
the diameter of the spheres and the rods. The roughness
pitch, λ, can be freely changed as shown in the table.

The aspect ratio of surface, Ar, and the Wenzel rough-
ness factor, rw, were defined by Kawai et al. [12] using
the rough surface formed by photolithography as fol-
lowing,

Ar = Pattern height/Bottom space = hr/(λ − hr) (1)

rw = 1 + 2Ar (2)

In the case of the hemisphere close packing model,

TABLE I Experimental conditions for rough surfaces

Model Size (µm)

LLRR hr 50 100
λ 50, 75, 100, 125, 150, 100, 120, 150, 180, 200,

200, 250 250, 300, 400, 500
LPS hr 200 300

λ 200, 254, 330, 360, 508 300, 359, 423, 508, 598

LLRR model: Loose lining round rod model.
LPS model: Loose packing sphere model.

the roughness factor, rw, is nearly equal to 1.9 and that
of the rw for the hemiround rod close lining models is
nearly equal to 1.6 and they are independent of their
radii [7]. Nevertheless, the Wenzel roughness factors
of the loose models are changed by hr and λ as shown
by the following equation.

rw = 1 + 2Ar = 1 + 2hr/(λ − hr) (3)

The experimental parameters and factors in each sur-
face model are shown in Table II. The influence of rw, hr
and Ar on the wettability can be discussed using these
two new models.

For the measurement of the contact angle between
the rough surface samples and the aqueous solutions,
we used an automatic measurement system equipped
with a CCD camera [7]. The apparent contact angle
(hereafter, we used simply the contact angle), φ, was
calculated using a microcomputer based on the height
of the liquid drop, h, and the base line radius, rb, of the
liquid drop on the TV monitor. The calculation method
for φ is based on a spherical cap model as follows,

φ = 2 tan−1(h/rb) (4)

The measurement was repeated 30 to 50 times for one
system using different liquid drops. As for the contact
angle, the mean value of the contact angles was adopted
and the scatter band was shown by twice the standard
deviation. Nevertheless, we observed the contact angle
of the liquid drops on the LLRR surface from two di-
rections, namely, the parallel direction and the normal
direction to the rods due to the anisotropy of this solid
surface.

TABLE I I Experimental parameters and factors in each surface model

Model Parameters rw hr Ar

Powder [10] Powder size V V V
Photoresist [11, 12] hr, λ V V V
Pyramid [14] hr, λ C V C
HSCPMa [7] hr C(1.9) V C(∞)
HRRCLMb [7] hr C(1.6) V C(∞)
LLRR hr, λ V V V
LPS hr, λ V V V

aHSCPM: Hemispheres close packing model.
bHRRCLM: Hemiround rod close lining model.
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Figure 3 Over views of a liquid drop on LLRR surface (hr = 50 µm, λ = 150 µm): (a) Top view, (b) Oblique view and (c) High magnification of b).

Figure 4 Top view and side view of a liquid drop on LPS surface. (hr = 200 µm and λ = 254 µm).

3. Experimental results
3.1. Rough surface models and shape of

the liquid drop
Fig. 3 shows the overview photographs of a liquid drop
on the LLRR surface, where hr = 100 µm and λ =
200 µm, observed from the oblique (a) and the top (b)
using a stereoscopic optical long-distance microscope.
As can be clearly seen, the shape of the liquid drop ob-
served from the top is nearly spherical despite of the
anisotropy of the solid sample. The solid/liquid/vapor
(abbreviated S/L/V) interface observed from the oblique
side is shown in Fig. 3c), a high magnification photo-
graph. We can clearly see the three phase line of the
S/L/V interface in this photograph. As can be clearly
seen, the line consists of the S/L/V, S/L and liquid/vapor
(abbreviated L/V) interface which means that part of the
liquid phase detaches from the substrate.

Fig. 4 shows the low (a) and high (b) magnification
oblique view photographs of a liquid drop on the LPS
surface in which hr = 200 µm and λ = 254 µm, ob-
served with the optical microscope. We can recognize
the size difference between the liquid drop and the ball
with the low magnification photo and the S/L/V line
from the high magnification photo. shape of the L/V
interface is concave due to the intrinsic contact angle
and the contact angle between the L/V that should be
180◦. If the λ is larger than 254 µm, the shape changes
from concave to convex. The details will be discussed
later.

As it can be clearly seen from Fig. 4b, the high mag-
nification image, we can confirm that the shape of the
L/V interface is concave due to the intrinsic contact an-
gle and the contact angle between the L/V that should be
180◦. If the λ is larger than 254 µm, the shape changes

from concave to convex. The details will be discussed
later. It is clear that the three phase line consists of the
S/L/V interfaces and the L/V interfaces and the shape
is identical with that of Fig. 3c. On the other hand, the
three phase line on a flat surface consists only of the
S/L/V interface, as is well known.

3.2. Contact angles for loose lining round
rod (LLRR) models

Figs 5 and 6 show the influence of the pitch on the
contact angle for two kinds of aqueous solutions for
the LLRR surfaces. The hr value is 50 µm in Fig. 5 and
100 µm in Fig. 6.

Figure 5 Influence of roughness pitch on contact angles for LLRR sur-
face (hr = 50 µm). ◦ and �: the pure water, • and �: the aqueous
solution. � and � : observed from parallel direction, ◦ and •: normal
direction.
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Figure 6 Influence of roughness pitch on contact angles for LLRR sur-
face (hr = 100 µm).

The contact angle of pure water is greater than that
of the one of the aqueous solution as expected due to
the difference in the surface tension. The contact angle
observed from the normal direction shows a maximum
at the 125 µm pitch for the pure water system and at
200 µm for the aqueous solution as shown in Fig. 5. If
we observe the contact angle from the normal direction,
two contact angles are recognized in the case of the
pure water system measured at the 250 µm pitch. If we
summarize these results in a contact angle histogram,
we can clearly confirm that there are two peaks. This
suggests that the contact angle at the pitch of 200 µm
should be the maximum contact angle and that of the
250 µm pitch is a critical value for touching and non-
touching of the liquid drops to the substrate. Therefore,
the contact angles are not constant and go through a
maximum at the critical pitch for both solutions. These
details will be discussed later.

The contact angles observed from the parallel direc-
tion are larger than those in the normal direction. These
results are nearly identical with that of the 100 µm
samples, nevertheless, the maximum contact angles are
clearly observed at the pitch of 300 µm in all systems
as shown in Fig. 6.

3.3. Contact angles for the loose packing
sphere (LPS) models

Fig. 7 shows the influence of the roughness pitch on the
contact angle for the two liquids using the ball bearings
whose diameter was 200 µm, and using 300 µm diam-
eter ball bearings in Fig. 8. These contact angles are
changed with the pitch and go through a maximum at
the 330 µm pitch for the 200 µm ball bearings and at
420 µm for the 300 µm ball bearings in both solutions.
These results are nearly identical with those obtained
for the LLRR surface. There are also two contact an-
gles measured for the 300 µm ball bearings at the pitch
of 598 µm for pure water. The explanation is given in
Fig. 9. This means that there are two kinds of contact
angle modes, namely touching and non-touching to the
substrate, recognized in this case, and this phenomenon
is identical with that observed for the LLRR surfaces
as shown in Fig. 6.

Figure 7 Influence of roughness pitch on contact angles for LPS surface
(hr = 200 µm).

Figure 8 Influence of roughness pitch on contact angles for LPS surface
(hr = 300 µm).

Figure 9 Wetting models of S/L/V interface for LPS models: (a) Model-
1: λ < λc, (b) Model-2: λ = λc, (c) Model-3: λ > λc.

4. Discussion
4.1. Critical spacing
Figs 5 and 6 show the influence of the roughness pitch
on the contact angle observed from the parallel and
normal directions of the rods for a LLRR surface. The
contact angle φ is not independent of the pitch, λ, and
there are a critical pitch, λc, at which the contact angles
show a maximum for both systems. This critical pitch,
the longest pitch for the non-contact of a liquid drop at
the substrate, should agree with the maximum contact
angles. The λc is from 125 to 200 µm as shown in Fig. 5
and 300 µm in Fig. 6. The critical radius curvature of
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the L/V interface at the S/L/V interface, Rc, should be
more than half of λc. Therefore, these estimation values
are nearly identical with our previous estimation, the
radius curvature is 75 µm [7], namely their spacing is
150 µm.

If λ is less than λc, the bottom of the liquid drop
does not touch the substrate as schematically shown in
Fig. 9, then the contact angle increases with the pitch.
The contact angles, observed from the normal direction,
disperse widely from the advancing one to receding
one, namely the hysteresis, when the spacing is less
than the critical. These LLRR models’ data, observed
from the parallel direction, can then be treated with
the model of Drelich et al. [6, 17] as the periphery of
the liquid drop sits on the rod. However, the contact
angles observed from the normal direction in Figs 5
and 6 are always the advancing ones because there is
no barrier and the periphery sits not only on the rod but
floats in the space. This contact angle can be discussed
based on the Cassie equation [4]. Therefore, the contact
angle observed from the parallel direction is greater
than that of the normal one. Of course, we can discuss
the contact angles observed from the normal direction
by the identical method for the LPS models.

For example, for an increase in λ up to λc, the L/V
interfacial area increases with the pitch to increase the
contact angle. If the spacing becomes larger than λc,
a part of the L/V interface changes into S/L interface
as shown in Fig. 9c. If we look at the S/L/V interfacial
line, three interfaces can be confirmed, namely, the ball
(Sb)/L , substrate (Ss)/L and L/V interfaces. Neverthe-
less, the Sb/L interface is identical with the Ss/L in-
terface due to the paraffin coatings. We can then divide
them into two interfaces, the paraffin/L and L/V inter-
faces. The interfacial morphology is essentially identi-
cal with that of Fig. 9c. Therefore, the apparent contact
angle will decrease due to the touch as can be estimated
using Equation 5, then the contact angle decreases with
an increase in the pitch.

cos φ = rw1 f1 cos θ1 + rw2 f2 cos θ2 (5)

We have already discussed the results of the close
packing sphere and rod surfaces for non-wetting sys-
tems [7] using the Cassie equation [4]. The apparent
contact angle, φ, can be expressed by Equation 5 using
the roughness factor, rw, the intrinsic contact angle, θ1,
for paraffin and θ2 for the vapor. The θ1 value is 107◦
and θ2 should be 180◦. At that time, we developed the
hypothesis that the radius of curvature of the liquid at
the L/V interface, R, is nearly constant and independent
from the roughness height, hr, and that is more than
75 µm. In the model, f1 is the projected area fraction
of the S/L interface and f2 is the projected area fraction
of the L/V interface. Then, (rw1 f1 + rw2 f2) equals 1.0
and f2 increases with the decrease in hr. Therefore, we
have to rewrite the Cassie equation using each rough-
ness factor rwi, as Equation 5.

We have to consider the new interface model using
the model shown in Fig. 9. At that time, for the calcu-
lation of the L/V interfacial area, rw2 f2, we can make
the estimation based on the radius of curvatures R1

and R2 for the LLRR model. The R2 must be much
larger than that of the R1. Therefore, the ratio, rw1 f1/
rw2 f2 is then equal to the ratio, hr φ/2R1 φ, and rw1 f1
is 0.5 hr/(0.5 hr + R1) and rw2 f2 is R1/(0.5 hr + R1),
then Equation 5 should be reconsidered. Therefore, if
the roughness height, hr, decreases to zero, then the
contact angle, φ, increases to 180◦ like a small wa-
ter drop on a lotus leaf because of the cosφ value be-
comes −1.0. This estimation does not agree with our
experimental results in Figs 5 and 6. We then calcu-
lated the R based on Fig. 5 using Equation 6. The
model−2 in Fig. 9b can be also use for the explana-
tion of R in the LPS surface due to the 2-dimentional
isotropy.

cos φ = 0.5 hr

0.5 hr + R
cos θ1 − R

0.5 hr + R
(6)

4.2. Curvature of liquid at S/L/V interface
The shape of the liquid drop is controlled by the Laplace
equation [18]. If we assume that the radius of curvature
at the L/V interface is almost axis-symmetry, we can
then also calculateR for the liquid surface at the S/L
interface using Equations 7 and 8

γLV

(
1

R1
+ 1

R2

)
= 2γLV

r0
+ gZ (ρL − ρV) (7)

1

R
= 1

r0
+ gZ (ρL − ρV)

2γLV
(8)

Assuming r0: radius of the liquid drop = 1.0 mm
for 4 ml, R = R1 = R2: radius of curvature at the
L/V interface, Z : depth from the top to the substrate,
ρL and ρV: specific density of the liquid and the
vapor.

The R value is nearly 900 µm at φ = 115◦ for the
LPS models and in the case of the LLRR models, R2
should be infinite at the bottom, then R1 becomes about
450 µm. Nevertheless, at the three phase line, R1 = R2
is much better than that of the R = infinite as can be
seen in Fig. 3. These values also do not agree with
our experimental results. We calculated the radius of
curvature, R, for the L/V interface using the following
Equation 9, introduced from Equation 6 based on the
hr and φ value.

R = 0.5 hr · cos θ1 − (0.5 hr + R) cos φ

= 0.5 hr(cos θ1 − cos φ)

1 + cos φ

= 0.5 hr(cos 107◦ − cos φ)

1 + cos φ
(9)

These results are shown in Fig. 10 for the pure water
LLRR models (hr = 50 µm and 100 µm ) and Fig. 11
for the LPS models (hr = 200 µm and 300 µm ). The
R values for the LPS models agree with our previous
result [7].

We then have to correct the previous statement where
R should be a function of hr, θ1 and γLV, and mainly
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Figure 10 Calculated curvature of liquid surface at S/L/V interface for
pure water LLRR surfaces.

Figure 11 Calculated curvature of liquid surface at S/L/V interface for
pure water LPS surfaces.

Figure 12 Schematic model of L/V interface at S/L/V line.

controlled by the intrinsic contact angle, θ1, at the S/L/V
line, as shown in Fig. 12. Nevertheless, assuming that
the entire shape of the L/V interface is independent from
θ1, the maximum value of the R should be controlled by
the Laplace equation [18], then R can converge to the
R calculated using the Laplace equation. Therefore, R
can be expressed as follows using the Johnson-Mehl’s
equation:

R = A{1 − exp (−Bhr)} (10)

in which, A is a function of θ1 andγLV, and B is constant.
If we look at Fig. 11, R is greater than 50 µm when

λ is greater than hr. This means that the relationship
between R and λ can be simply expressed by a linear
functional equation. When hrs are 200 µm and 300 µm

Figure 13 Influence of roughness pitch and roughness height on contact
angle, φ, for pure water LPS surfaces.

for the LPS models, R is expressed as follows.

R200 = 0.55 λ − 51 and R300 = 0.88 λ − 180

(11)

If we calculate the contact angle, φ, for the pure water
LPS models based on R, using Equation 6 along with
R200, R300 and λ. These results are shown in Fig. 13.
These results show that R is from about 50 µm to
200 µm. As can be seen clearly, R increases with the λ.
This is the main reason why the contact angle increases
with the pitch. These figures are in good agreement
with our previous estimation values and with our ex-
perimental results.

Nevertheless, there is another problem for the contact
angles. There are microscopic (local) contact angles
and macroscopic contact angles in one liquid drop. This
result is identical with our previous study [17]. This
means that the Young local contact angle is the bound-
ary condition of the Laplace equation the, the macro-
scopic both contact angles for the LLRR surfaces are
controlled by the interfacial energy to decrease the total
energy to a minimum. Therefore, we cannot precisely
discuss the both macroscopic contact angles due to the
high anisotropy of the model surfaces. If the model is
isotropic, we can use the identical model as the ideal-
ized rough surface by Johnson and Dettre [19] only for
the contact angle observed from the normal direction.
However, their model is too simplified. Therefore the
results of the LPS model can be discussed using our
new model such as Equation 6.

5. Conclusions
The effect of surface roughness on the wettability in
non-wetting systems has been investigated using two
kinds of surface model, a loose packing of sphere model
and a loose lining of round rod model. We indepen-
dently discussed the influence of the roughness height
and roughness pitch on wettability using the sessile
drop method for a paraffin/aqueous solutions. The ex-
perimental results show that the apparent contact an-
gles go through a maximum at the critical pitch for
both systems. This means that there is an appropriate
pitch which shows the maximum contact angle. The
pitch should be determined by the surface tension of
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the liquid, the contact angle, the roughness height (the
diameter of ball and rod).

If the roughness pitch is less than a critical value, the
apparent contact angle increases with the pitch, and if
the roughness pitch is greater than the critical value,
the apparent contact angle decreases with the pitch due
to the touch of the drop at the substrate. These re-
sults can be explained by the ratio of the solid/liquid
and liquid/vapor line length at the three phase
line.
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