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In this paper, the variation of contact angles of a droplet on grooved surfaces was studied from microscale to macroscale
experimentally and theoretically. The experimental results indicated that the contact angle changes nonlinearly with anisotropic
factor. To get clear of the changing process of contact angle on grooved surfaces from microscale to macroscale, we carried out
theoretical analysis with moment equilibrium method being adopted. In addition, the variation of contact angles in different
directions was investigated and a mathematic model to calculate arbitrary contact angles around the elliptic contact line was
suggested. For the convenience of potential applications, a symbolic contact angle was proposed to characterize the ellipsoidal
cap droplet on grooved surfaces. Our results will offer help to the future design of patterned surfaces in practical applications,
and deepen the understanding of wetting behavior on grooved surfaces.
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1 Introduction

Wetting on solid surface is ubiquitous in nature [1-9], and is
of key importance in a wide range of industrial applications,
such as bionics [10,11], materials test [12,13], microfluidics
[4], super-hydrophobic materials [14] and microchips [6]. In
recent years, wetting on grooved surface (GS) has attracted
increasing scientific and technological attention [15-19].
This is mainly driven by the rapid development in the appli-
cations of GS in self-clean surface [20], directional transport
[6,21-23], fog-harvesting [7,24] and so on. Compared with
spherical shapes of droplets on isotropic surfaces, droplets
exhibit long strip shapes [25] or ellipsoidal shapes on GS,
and thus the droplets have different apparent contact angles
(CAs) in different directions, as shown in Figure 1. The
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surface structure usually has significant influence on the
apparent CAs. However, a systemic study from microscale
to macroscale on droplet CAs on GS is rare. Until now, there
are no simple yet effective methods to characterize a droplet
on GS for the convenience of related wetting experiments
and industrial products. For further utilization of the GS in
potential applications, it is essential to understand funda-
mental issues, including the variation of CA with anisotropic
surface morphology and the characterization of droplet
properties on GS.

When a droplet is deposited on an isotropic rough surface,
CA is described by Wenzel [26] or Cassie-Baxter equation
[27]. The Wenzel equation is:

cosd, = rocosd,, (1
and the Cassie-Baxter equation is:

cosl, = rcosl,—r,, 2)
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Figure 1 Droplet shapes of different liquids on smooth surfaces and GSs. The surface tensions of them in the order decrease. These droplets exhibit spherical
caps on smooth surfaces and elongated shapes on GS. Water, glycerol and diglycol droplets show ellipsoidal cap shapes, and silicone oil droplet shows a long

strip shape on GS.

where ro is the surface roughness, defined as the ratio of
the actually wetted area to the projected area under droplet.
r, and r, are the fractions of the surface area occupied by
water and air. 0_and 0, are CAs on rough surface and ho-
mogeneous smooth surface, respectively. This formulation
describes the effect of surface roughness on CA. However,
a droplet placed on GS is affected by not only the surface
roughness, but also the difference of geography in two dif-
ferent directions. As a result, the CAs in different directions
are different and the shape of droplet is no longer spherical.
There is obvious deficiency for the CA determination with
Wenzel or Cassie-Baxter equation. On GS, a droplet will be
elongated along grooves and be compressed in perpendicular
direction. This is because of the absence of contact line pin-
ning in parallel direction and obvious contact line pinning in
perpendicular direction. When the surface structure changes,
the shape of droplet changes accordingly. So, having a clear
understanding of how the surface structure affects CAs and
how the CAs vary in different directions becomes significant.
Previous works reported that the CA in the direction parallel
to the grooves was close to CA on flat surface in microscale
[28-32]. Kusumaatmaja et al. [33] pointed out that the CA
in parallel direction obeys Wenzel equation approximately in
a plenty of experiments. Chung et al. [34] also reported that
CA in the direction parallel to grooves follows Wenzel equa-
tion on corrugated surfaces. Despite of numerous reports on
CA in parallel direction, the study on CA in perpendicular di-
rection is relatively less. Moreover, until now, the existing
theories are not recognized generally. A systematic study on
CA on GS from microscale to macroscale is needed. And the
liquid filaments and precursor film [35,36] that may occur in
grooves also deserve a further study.

The discrepant CAs in different directions on GS bring in-
convenience in the characterization of wetting properties. A
uniform and effective method will be helpful. In the past,
two CAs of 6, and 6, were usually adopted to describe the
droplet on GS [37], where 0, and 0, are CAs observed from
perpendicular and parallel directions, respectively. However,
it is inconvenient in lots of aspects, e.g., the definitions of hy-

drophobicity or hydrophilicity of GS, the related wetting ex-
periments in medicine, electronics and so on. Fractal theory
was ever adopted to describe the relationship between CA and
surface morphology [38]. However, this theory lacks conve-
nience in real systems and does not consider the anisotropy
of surface structure.

In this paper, we measured CAs of droplets on GS from mi-
croscale to macroscale experimentally, and gave a theoretical
analysis between CA and anisotropic roughness with moment
equilibrium method. Furthermore, we provided a mathematic
method to get an arbitrary CA in the elliptic contact line. A
simple yet effective method was provided to characterize the
wettability of droplet on GS. Our results may offer help to
the industrial designs and potential engineering applications
in the future, and deepen the understanding of wetting on GS.

2 Materials and methods

We first fabricated grooved substrates with SU-8 photore-
sist using standard photolithographic method. Then the sam-
ples were used as molds for patterning polydimethylsiloxane
(PDMS, Sylgard 184, Dow Corning, USA) substrates [34].
The substrates used in the experiments were prepared in the
following way: (1) curing with the mass ratio of the base
to coupler of 10:1; (2) PDMS was spin-coated on the molds
at 800 r/min for 40 s; (3) baking the substrates at 150°C for
20 min; (4) peeling the PDMS films off from molds. After
these processes, PDMS samples with grooves were ready for
experiments. For these samples, the depth d of the groove is
fixed, 35 um. The groove width w, and the ridge width w, (as
illustrated in Figure 2) range from 10 um to 500 um. The
groove period D = w,+w,.

Droplets of deionized (DI) water and glycerol with volumes
~4 uL were used in experiments. The droplet shapes were
observed from top view and CAs were measured from side
view and front view, respectively. X and Y represent the di-
rections of side view and front view, respectively, as shown in
Figure 2. The droplet shapes and CAs were captured using a
high-magnification microscope (KH-8700, Hirox, USA) and



Wang Z L, etal. Sci China Tech Sci

Top view l

B

w2 e \
Front view

February (2018) Vol. 61 No. 2 311

Figure 2 (Color online) A sessile droplet deposited on GS. Our observations include top view, side view and front view. The X and Y are defined as the
directions observed from side view and front view, respectively. w,, w,, i and D are the groove width, ridge width, groove depth and groove period, respectively.

contact angle measurement system (OCA20, Data physics,
Germany), respectively, as shown in Figure 3.

We mainly studied the influence of roughness in X and
Y directions on droplets. A parameter S,=ro /ro, was
introduced, donoting the ratio of the roughness between X
and Y directions. roy, ro, are the roughness in X and Y di-
rections, respectively, where ro_ = (w,+w,+2h)/ (w,+w,),
ro, =1 for GS. The values of S. of different samples are
shown in Table 1. The groove depth of sample is fixed, while
the widths of groove and ridge are varied.

3 Results and discussion

3.1 The relationship between CA and anisotropic
roughness on GS

To understand the mechanism that how the anisotropic rough-
ness affects CA on GS from microscale to macroscale, we
carried out experiments and theoretic analysis. The experi-
mental results are shown in Figure 4. The vertical coordinate
represents the ratio of 0, to 0, where 0_is CA on GS, and 0 is
CA on smooth surface. The horizontal coordinate represents
the roughness ratio of Y to X direction. From experimental
results, we found that CAs of a droplet on GS are larger than
that on flat surfaces the anisotropic rough morphology. CAs
in X direction are larger than that in Y direction, and this is in
agreement with previous reports [22,25,28]. In microscale,
CAs change with surface morphology in a monotonous rela-
tion [37]. However, CAs follow a nonlinear relation when the

Table 1  Substrates with different anisotropic roughness used in the exper-
iments

Sample wi (um) wy (um) Se
1 8 8 0.21
2 16 16 0.32
3 10 25 0.4
4 24 24 0.57
5 32 32 0.68
6 64 64 0.83
7 128 128 0.91
8 256 256 0.98

surface structure changes from microscale to macroscale.

The CAs of DI water droplets on GS are shown in
Figure 4(a). From the results, we found that CA increases
first and then decreases with S. in both X and Y directions.
The trend of CA changing with S. can be divided into two
stages: (1) CA increases with increasing S.. In this stage,
as S, increases, the roughness plays an increasing role on
CA. The reason is that the surface with infinitesimal rough-
ness approaches smooth surface. (2) CA decreases with
increasing S.. Since the roughness effect was weakened with
the increasing groove period. When the period of surface
structure becomes infinite, the CA on GS is close to that
on smooth surface. Thus, there exists a critical value that
distinguishes the two stages, and this value differs in X and Y
directions. From the results, we found the critical values are
around 0.6 and 0.45 in X and Y directions, respectively. The
CAs of glycerol droplets on GS are shown in Figure 4(b), and
the changing process is similar to that of DI water droplets
on GS.

The snapshots of DI water droplets from X direction and
the corresponding substrates are shown in Figure 5. The
CAs and S, of different substrates are: (1) 8,=90.6°, S.=0.21;
(2) 6:=134.6°, S.=0.40; (3) 6:=142.2°, S.=0.68; (4) 6:=91.2°,
S5:=0.98, respectively. The CAs presented here follow the ten-
dence of the variation of CA, i.e. increase first and then de-
crease during the process of the succession of S.. The results
agree with the descriptions in Figure 4.

The mechanism for the second stage is illustrated in
Figure 6(a). For GS, S. increases with increasing groove
period. When a droplet is deposited on GS where the groove
period is quite small, the contact line will be driven to step
forward under the attraction between droplet and next ridge
in X direction. The droplet reaches a stable state when the
attractive force is balanced by Laplace pressure. Driven by
this attraction, the droplet propagates in X direction until it
reaches equilibrium state. As the groove period decreases,
the droplet propagates in X direction further. For a droplet
with fixed volume, CA decreases as wetted area increases,
i.e.,, CA increases with increasing S.. When the groove
period decreases to a sufficiently small value, the state of a
droplet on GS is similar to that on smooth surface, and the
CA tends to be the value on smooth surface.
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Figure 3 (Color online) The schematics of the experimental setups. (a) The observation system of high-magnification microscope; (b) the contact angle

measurement system.
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Figure 4 (Color online) CAs on GS with different S... The vertical coordinate represents the ratio of 6, to 6, where 0, and 0 are CAs on GS and smooth surface,
respectively. X and Y represent the CAs measured in X and Y directions, respectively. (a) CAs of DI water droplets; (b) CAs of glycerol droplets.
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Figure 5 (Color online) The front view snapshots of droplet on varied GS, and the corresponding substrates. (a) 6,=90.6°, S=0.21; (b) 6,=134.6°, S~0.40;

(c) 6,=142.2°, §~0.68; (d) 6,=91.2°, §~0.98.

Theoretical analysis was carried out to understand the un-
derlying mechanism of the relation between CA and S.. For
rough surfaces, the equilibrium state of a droplet is deter-
mined by the balance of interfacial tensions. The equilibrium
CA can be described by Wenzel or Cassie-Baxter equation.
However, Wenzel or Cassie-Baxter equation needs to be mod-
ified for the description of droplets on GS, due to the contact
line pinning in X direction and no pinning in Y direction. The
pinning force hinders the droplet from stretch or movement,
leading to the increase or decrease of CAs. How the pinning
of contact line affects the change of CA? To address this prob-
lem, the equilibrium of couples is adopted. We assume that
the pinning force acting in contact line conforms to the rule
of equilibrium of couples, and suppose that the arm of cou-

ple of pinning force is /, the droplet surface stiffness is &, and
the CA change is Af. The schematic diagram is shown in
Figure 6(c). These parameters follow:

fl=k-A0, 3)

where the surface stiffness scales as k ~ 4y, [39,40], and 4 has
a dimension of length L. k has the dimension of force MLT .
A0 in radian is a non-dimensional parameter, / has a dimen-
sion of length L. So f'should have a dimension of force per
unit length MT .

In previous reports, the pinning force f'has the expression of
f=7,(cos0,—cosO) or f=7y,(cosd—cos,) [41], where 0, is
the advancing CA and 0, is the receding CA. The value of
pinning force changes as the boundary conditions vary.
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Figure 6 (Color online) Illustration of the propagation of a droplet on GS in X direction. (a) Droplet on GS. The droplet contact line will be driven to step
forward under the attraction between droplet and the ridge in X direction. (b) The droplets on GS with the groove width from left to right being 5, 8, 15 um. The
semi axis of the elliptic contact line in X direction is 27.5, 20, 22 pm. The pinning force increases as the semi axis of the elliptic contact line decreases. The
droplet on GS with groove width being 8 pm suffers largest pinning force compared to the other surfaces. (c) The schematic diagram of a droplet on: smooth
surface; GS (the pinning force acts on the contact line in the ridge edge); the pinning force is balanced by the surface stiffness, / is the arm of couple, £ is the

surface stiffness of droplet.

Figure 6(c) exhibits the droplets of the same volume on GS
with the groove widths being 5, 8 and 15 pm, respectively.
And the semi-major axes of elliptic contact line in X direction
are 27.5, 20 and 22 pm, respectively. Obviously, the droplet
has a larger semi-major axis on the surface with groove width
being 5 um than 8 pm, and this is due to the attraction be-
tween droplet and ridge as depicted in Figure 6(a). The semi-
major axis on surface with groove width 15 pm is larger than
that with 8 um, owing to the elongation of groove period. As
a result, the droplet on GS with groove width of 8 um suffers
the largest pinning force. So, on different GSs, the pinning
force varies. How the surface morphology affects the pinning
force? Here, to address this problem, the energy minimiza-
tion method was adopted.

The work done by pinning force is oW =f- A, where
A ~ m(nD)’ is the wetted area of a droplet, and D is the period
of groove. When a droplet reaches equilibrium state, the
work done by pinning force has the relation of dw/dx = 0.
Namely, d(f- 4) / dx = 0, and the expression can be written
as:
d(f4) d d4  df d4

—— =A—+f—=4——+f—— =0, 4
dx dx fdx ndD fndD @

and this equation can be simplified as:

df  .dD _

7 + 23 =0, 5)
namely,

lnf'= 2In(nD). (6)

Then we can get the scaling law between f and D as
f~{D7, where n and " are two constants. When the depth
of the groove is fixed, S. has an inverse relation with D. So,
the relation between f and S, can be expressed as: f~ (57
The change of CA follows the relation of AO ~ S/ y, .
Thus, 0,/ 6 and S, have the relationship of:

0
_°:1+A_6~1+£S2, (7)
0 0 Oy ¢

v

where 0,/ 0 is a quadratic function of the anisotropic rough-
ness S.. The scaling law agrees with the experimental results.

3.2 The calculation of CA at any point along the contact
line
The relation of CAs in parallel and perpendicular directions
was further investigated by the calculation of CA at any point
along the elliptical contact line. Here, only the liquids with
high surface tension are considered, because of these liquid
droplets have apparent ellipsoidal cap shapes. The ellipsoidal
cap droplets can be classified into two types: (1) the small
ellipsoidal cap model; (2) the large ellipsoidal cap model. The
small ellipsoidal cap model corresponds to the droplet whose
CAs along elliptic contact line are all smaller than 90°, and
large ellipsoidal cap model corresponds to the droplet whose
CAs are larger than 90°.

Here, we proposed ellipsoidal cap as the mathematic
model for the droplets, as shown in Figure 7(a). El-
lipsoidal surface can be expressed with the function

xZ y2 ZZ .
of F+F+? =1 (@a>b>c>0, and they denote the
semi-major axes in X, Y and Z directions, respectively).
The cosine value of the angle between tangent plane and
X-Y plane at any point (when X-Y plane is taken as droplet
bottom, the angle will be CA) can be expressed as:

2z,/¢c?
cosd =

) 8

J@x/ad @163 + @2/ )’ ®
where a, b, ¢ and z , are four constants once the surface struc-
ture is fixed. The calculation of CAs is based on the condition
of z = z,, while z, represents the bottom level of droplet in
z axis, as shown in Figure 7(c). The cosine value of CA can
be calculated when the four parameters are given. In experi-
ments, the cosine values of CAs and the semi-major axes of
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Figure 7 (Color online) Schematic of ellipsoidal cap model. (a) 6y, 6, and 6 are presented. A mathematic model of ellipsoidal cap is adopted to calculate the
arbitrary CA along the elliptic contact line. X, Y and Z directions are defined as shown above. (b) Droplet stays stable under the balance of surface tensions
and pinning force on GS. (c) The geometrical model of the cross section and longitudinal section of ellipsoidal cap droplet. a, b, ¢ and z, defined in context are
presented above. a,, b, are the semi-major axes of elliptic contact line. ¢ is the angle between view direction and groove direction.

adroplet in X and Y directions can be obtained. Then we can
get the equations of:

2 2
aja’—a,

R Rl o e T ©)

cost), = b e , (10)
S+ (0= b7 )@ -c?)

alc’ =a¥(c’~z]), (11)

blct=v*c?-z]), (12)

where a,, b, are the semi-major axes of the ellipse while
z = z,. For small ellipsoidal cap droplets, z, should take pos-
itive value. For large ellipsoidal cap droplets, z, should take
negative value. Combining egs. (8)—(12), we can determine
the four parameters a, b, ¢ and z , and then the CA along the
contact line can be obtained.

The results of DI water droplet on GS are shown in Figure 8,
with S¢ being 0.57. And 0, is 146.8° (Figure 8(a)), 0, is 123.2°
(Figure 8(b)). The droplet image from top view is shown
in Figure 8(c). A cross angle ¢ (acute angle) is defined as
the angle from groove direction to measure direction of 6.
Figure 8(d) shows the experimental data and the theoretical
values, and the theoretical values agree with the experimental
data well. This result demonstrates that the ellipsoidal model
is effective for the calculation of CAs on GS.

3.3 Symbolical contact angle (SCA) for ellipsoidal cap
droplet

CA of droplets on GS varies in different position on elliptic
contact line. The variation of CA results in many inconve-
niences in the characterization of anisotropic wetting. Until
now, there is still no definition of hydrophobicity of GS due
to the non-uniform CAs of droplets on GS, especially for the
case that 6, > 90° and 6, < 90°. Thus, a CA to characterize

the anisotropic wetting behavior of a droplet on GS is essen-
tial to the study of wetting on GS. Our results indicated that
the CAs around the contact line vary as a rule of elliptic func-
tion, as shown in Figure 9(a). Here, we assume that SCA also
has a quadratic relation with 6, and 6,. To indicate the con-
tributions of 6 and 0, to SCA, we suggested the following
equation:

(13)

(14)

The cubical relation or other forms of SCA is also available,
however, the cubical relation is fluctuating too much com-
pared to the quadratic relation. The form of SCA above is
simple yet unique compared to other forms. The above equa-
tion would be feasible to address this SCA problem only when
four conditions are satisfied: (1) SCA should be able to reflect
the properties of droplet and material surface. Moreover, one
SCA corresponds to one given surface and liquid. (2) SCA
should change with surface properties monotonously, and the
relation between SCA and materials surface properties should
be regular and easy to obtain. (3) The parameters in the ex-
pression are easy to get from experiments. (4) The expression
can be degenerated to the equation on homogeneous smooth
surface.

6y, 0, and 6, will be fixed when surface structure and liquid
are given, as shown in Figure 9(b). The square of 6, and 6,
in the expression ensures the uniqueness for the characteriza-
tion of one given pair of surface and liquid. Furthermore, in
experiments, the values of 6y and 6, are easy to be obtained.
When the droplet is on smooth surface, §; equals to 6, and
0,. The equation above can be degenerated to that on smooth
surface to satisfy the condition (4). From the experiments
and the satisfied conditions, the SCA is feasible to character-
ize the droplet properties on GS.



Wang Z L, et al.

6,=146.8°

©

Contact angle (”)

300 um

Sci China Tech Sci

February (2018) Vol. 61 No. 2 315

)

6,=123.2°

150
(d)
145 ® Experiment
—— Theory
140 4
135 o \
'\
130 4
l\.
125 4 ~——
e e
lzo T L) T L T
0 20 0 60 80 100

Cross angle (°)

Figure 8 (Color online) The images of a droplet on GS observed from different views. (a) Front view, and 0,=146.8°; (b) side view, and 6,=123.2° (c) top
view, with the outline of the droplet being elliptic. The cross angle ¢ is defined as angle from groove direction to view direction. (d) The experimental data and
theoretical values of CAs with respect to the cross angle. The theoretical values fit experimental data well.

130
@ (b) [
125 " . 5.=0.40 1504 o 6
e 5=0.68 . s g
120+ s i v
. 4 5=0.83 b . .
115+ v 5=091 | __ o
- o 130 LI "
— 110+ A u -~ N [}
) ., [ * A
105+ A 1204 4 E
1 & A
v -
100 v ~
v L R—— e 104 4 . e
95+ o =
L] A A i
904 N 100
T T T T T T T T T T T T T T T M T
0 20 40 60 80 100 04 05 06 07 08 09 10
o
»(°) c

Figure 9 (Color online) The experimental data and the calculated SCA adopting the eq. (13). (a) CAs vary with aspect to cross angle with different S.. CA
varies with a rule of elliptic function curve. (b) For the varied S., CA changes by the tendency of increasing first and then decreasing. The calculated SCAs are
between the CAs in X and Y directions. When S, closes to 1, SCA tends to have the values of CAs in X and Y directions.

4 Conclusions

In summary, the anisotropic behavior of a droplet on GS was
studied experimentally and theoretically in this paper. The
relationship between CA and S. was analyzed. From the ex-
perimental results, we found that CA increases first and then
decreases with increasing groove period. The variation of CA
shows a nonlinear relation with S.. The theoretical analy-
sis manifested that in the perpendicular direction the CA is
a quadratic function with S.. A mathematical model was sug-
gested to calculate the CA of an ellipsoid cap droplet. In this
simple model, we regarded the droplet on GS as a part of an
ellipsoid. The calculated values match experimental data well
for droplets of high surface tension. We offered a simple and
convenient method to characterize the wettability of a droplet
on GS. And this method satisfies the demands that character-
izing a droplet on GS. Our results may be helpful to a further

understanding of the anisotropic wetting on GS and will as-
sist the potential design in related products in the future.
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