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The effect of surface roughness on the internal fluidity of
a water droplet during sliding on an inclined Si surface treated
fluoroalkylsilane (FAS) was investigated using particle image
velocimetry (PIV). A water droplet slid down by caterpillar-like
rotation flow with or without slippage on the solid–liquid inter-
face. The slipping/rolling ratio on the sliding acceleration
depended on the surface roughness; the droplet advanced on
the rough surface mainly by the rolling mechanism.

Hydrophobic coatings are used for producing water-repel-
lent solid surfaces. The static contact angle has been commonly
used for evaluating the static hydrophobicity. For assessing wa-
ter-shedding kinetics on hydrophobic solid surfaces, recognition
of sliding acceleration and velocity characteristics of water drop-
lets has continued to grow.1

Recent studies have revealed two components of the water
droplets’ sliding behavior on the solid surface; caterpillar-like
rotation flow (rolling) and slippage at the solid–liquid boundary
(slipping).2,3 The dominant mechanism during sliding depends
on the chemical composition and surface state of solids. To date,
most such studies have examined a constant velocity region
during sliding.

Water droplets commonly accelerate during the early stage
of sliding.4 This motion often appears over the entire evaluation
range. However, few studies have examined the change of the
sliding acceleration ratio between rolling and slipping compo-
nents during sliding.5 The effect of the surface state on this ratio
is not reported, probably because of the difficulties associated
with the evaluation of sliding acceleration of these two compo-
nents during practical sliding.

Very recently, we developed a new particle image velocim-
etry (PIV) system for direct observation of the internal fluidity of
a water droplet during sliding.6 For the present study, we treated
a Si surface with fluoroalkylsilane and prepared hydrophobic
coatings with different roughnesses. These two components’
sliding acceleration was then evaluated using our PIV system,
with specific attention to the internal fluidity of the sliding water
droplets.

A Si plate ((100), 15� 40mm2) was precleaned by irradi-
ation of vacuum UV light. For this study, 1H,1H,2H,2H-per-
fluorodecyltrimethoxysilane (FAS17, CF3(CF2)7(CH2)2Si-
(OCH3)3 was employed as the hydrophobic agent. Smooth
FAS17 coatings were prepared by chemical vapor deposition
(CVD). The Si plate was heated with 0.02mL of FAS17
(TSL8233; GE Toshiba Silicones, Tokyo, Japan) in a Petri dish
by flowing N2 at 150

�C for 1 h. Then, the surface was rinsed and
dried (sample A). Rough FAS17 coatings were prepared by

soaking method. The FAS17 was dissolved into pure xylene
(as prepared; Wako Pure Chemical Industries Ltd., Osaka,
Japan) or water-saturated xylene. The FAS17 concentration
was adjusted to 25mM. The cleaned Si plates were soaked into
these solutions (100mL, each) for 70 h at room temperature,
then rinsed, and dried (sample B; prepared from pure xylene,
sample C; prepared from the water-saturated xylene).

Surface roughness was evaluated in 5-mm2 area using
atomic force microscopy (AFM) with a Si cantilever. Static con-
tact angles of 4-mL water droplets were measured with a contact
angle meter (Dropmaster 500; Kyowa Interface Science Co.,
Ltd., Saitama, Japan) using sessile drop method. The sliding
angle (SA) and advancing and receding contact angles were
evaluated for 30-mL water droplets using an automatic measure-
ment system (SA-20; Kyowa Interface Science). The PIV analy-
sis was performed for a 35-mL water droplet with 0.06mass%
fluorescent particles (R0300; Duke Scientific Corp., CA, USA)
on the sample surface tilted at 35�. Sequential images of the
droplet were taken using a high-speed camera. A sheet-shaped
Ar laser beam was inserted vertically into the center of the drop-
let as a light source. The graphical abstract includes a schematic
illustration of this system; details were also described in ref 6.
For this study, we set a meshed cell image with ca. 125mm2

and the time separation of 0.33ms for sample A, and 20ms for
samples B and C. The velocity vectors were evaluated using
commercial software (DIP-Flow; Ditect Inc., Tokyo, Japan)
for PIV pattern matching using the correlation factor of 0.60
or greater.

Figures 1a–1c show AFM images of samples A, B, and C.
The respective surface roughness values (Ra) for these samples
were 0.20, 3.1, and 13 nm. The coatings from xylene-based solu-
tions exhibited greater roughness than that from CVD. In the
xylene solution, dehydration and self-condensation of FAS17
molecules advance. Their rate increases by adding water to the
solution.7

Table 1 shows values of Ra, static water contact angle (�s),
SA, and advancing and receding contact angles at SA (�A and
�R) obtained for each sample. With the increasing Ra value,
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Figure 1. AFM images of the sample surfaces.
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the �s and �A increased, whereas the �R decreased, implying that
the contact angle hysteresis (CAH; the difference between �A
and �R) increased as the surface became rougher. We have
revealed that small hydrophilic areas exist in the surface of the
silane clusters.7 Consequently, surface roughness in the coatings
of this study should include the chemical heterogeneity, which
should also increase the CAH and SA by pinning the receding
contact line.

As described previously,6 the outer circumference of the
droplet had larger velocity vectors than the droplet interior
during sliding. Moreover, shape deformation during sliding
was almost negligible in this measurement. Figure 2 presents
a schematic diagram of the conceptual model of the internal
fluidity for the droplet descending on the inclined plane. The
zline is described vertically for the z axis passing the top and
the bottom positions. Using this model and PIV analysis, the
slipping velocity (vslip) and the rolling velocity (vroll) for slope
direction (x) of the droplet can be evaluated experimentally as
eqs 1 and 2.6

vslip ¼ vB ð1Þ

vroll ¼ ðvT � vBÞ=2 ð2Þ

Herein, vB and vT are the internal flow velocities evaluated from
PIV analysis at the bottom and top positions.

For all observed water droplets, the flow velocity for the x

direction (vx) increased linearly with z height along with zline.
9

Furthermore, the actual sliding velocity measured from the slid-
ing distance at the advancing edge (vAD) coincided with evaluat-
ed values using the vroll and vslip as vAD ¼ vroll þ vslip.

9 These
results suggest that the modeling and evaluation of each velocity
were appropriate and that effects of surface curvature of
droplets and scattering or reflection of emitted light are almost
negligible as was confirmed in the previous study.6 Figure 3
shows the vslip and vroll components evaluated from the PIV
analysis for a 35-mL water droplet sliding on these sample sur-
faces against time. The inset-plot in Figure 3 shows a magnified
image of the plots for samples B and C. The vslip is larger than
vroll on the smooth surface (sample A). Moreover, they increased
with a large slope; large acceleration. On the rough surfaces
(samples B and C), vslip and vroll decreased remarkably. No

vslip was observed for sample C, implying that a water droplet
slid down only by rolling mechanism with a small constant
velocity. The actual sliding acceleration values of the advancing
edge (aAD) were 1:5� 0:1, 0:05� 0:05, and ca. 0m s�2 for sam-
ples A, B, and C, respectively. The each of aAD was almost equal
to the sum of the slipping and rolling acceleration (aslip and aroll)
obtained from the slope of the vslip and vroll in Figure 3. We
calculated the slipping/rolling ratio (R ¼ aslip=aroll) as ca. 2.9
and ca. 2.0 for samples A and B, suggesting that this ratio
depended on the surface roughness. The surface roughness with
the magnitude of nanometer-scale is known to affect the slippage
of the flow on the solid–liquid interface.8 For the droplet’s slid-
ing on the rough surface, the rolling mechanism is advantageous
to avoid the large friction drag by slippage at the water–solid
interface.

Consequently, the surface roughness had different contribu-
tions to slipping and rolling motions of the droplets. The greater
slipping motion on the solid–liquid interface might play an im-
portant role in the droplet’s sliding with large velocities and ac-
celeration on inclined hydrophobic surfaces. Separating the ef-
fects of physical surface roughness from chemical heterogeneity
on the slipping/rolling ratio of sliding acceleration will be
addressed in future studies.

We thanks to JSPS Research Fellow (H17-08586).
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Table 1. Surface roughness and static and dynamic angles of
water droplet on the sample surfaces

Sample Ra/nm �s/deg SA/deg �A/deg �R/deg

A 0.20 108� 1 11� 1 120� 2 104� 1

B 3.1 113� 1 15� 1 123� 1 97� 8

C 13 117� 1 21� 1 128� 3 97� 2
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Figure 2. Modeling of the droplet’s internal fluidity.
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Figure 3. vslip and vroll against time for each sample.
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