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Direct Geometric Observation of an Agar Gel Droplet on a Multipillar Surface
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We successfully determined the three-dimensional structure
of agar gel droplets on multipillared surfaces. The contact angle,
length of penetration of the agar gel into the interspace between
pillars, and curvature of the bottom surface of the droplets were
changed with respect to changes in the volume and concen-
tration of the aqueous agar solution and the distance between the
surface-bound pillars.

Analyzing wettability on multipillared surfaces is important
for understanding wetting on biological rough surfaces and
designing super-water-repellent surfaces.'™® Usually, the contact
angle on a multipillared surface is described by the Cassie—
Baxter (CB) equation, while the intermediate state between the
Wenzel and CB states sometimes can be seen, where the criteria
for the formation of such intermediate states are still unclear.
In relation to this, we theoretically discussed the existence of
an energy barrier for the process of droplet penetration into a
cylindrical defect.” To understand the criteria, it is essential to
directly observe the geometry of the penetrating component.
However, there are few studies providing a three-dimensional
analysis of liquid droplets on multipillared surfaces owing to
problems associated with the liquid itself and the small size of
the droplets. To address these problems, we used an agar sol
solution instead of water to obtain a steady droplet with mm-
sized pillars of a multipillared surface after gelation. Here we
demonstrate a method that enables the three-dimensional
observation of agar gel droplets on hydrophobic multipillared
surfaces by microscope (Figure 1).!0-12

Figure 2 shows a side view of a 10-uL agar gel droplet
(3wt % aqueous agar solution) mounted at the center of three
equilateral triangularly aligned cylindrical pillars with the
distance between pillars (d) of 0.5mm at the temperature (7')
of 25°C. Before gelation, the droplet slightly penetrated into
the interspace. The contact angle (6) of a hemispherical
agar gel droplet (the upper part) was 93.1 £ 0.7°. The length
of penetration into the space (/) was 0.87 = 0.08 mm, and
the curvature radius of the bottom surface (R) was 1.02 +
0.40 mm.

The effect of the volume of the aqueous agar solution (v) on
the three-dimensional geometry was evaluated at the agar
concentration (c¢) of 3wt% (d = 0.5mm). Figure 3 shows the
dependence of 6, I, and R on v. The angle 6 increased from
93.1 £0.7 to 123.6 & 2.7° with increasing v from 10 to 50 puL.
The length [ was approximately 0.9 mm when v ranged from 10
to 30 uL, but it decreased when v exceeded 40 uL. The radius
R was also approximately 0.9 mm in the same volume range
(v = 10-30 L), but it increased as v increased from 40 to SO uL.
On the other hand, in the case of the water droplet, 0 increased
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Figure 1. Method for the preparation of agar gel droplets.
Agar solution was put on multipillar surfaces.
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Figure 2. Photograph of an agar gel droplet on multipillar:
T=25°C v=10pL, ¢=3wt% and d=0.5mm. 6=093.1
degree.

from 110.8 &= 2.1 to 125.7 &= 1.5°, and [ decreased from 0.44 +
0.02 to 0.31 = 0.05 mm when v increased from 10 to 50 L.

The effect of the distance d was evaluated under the
following conditions: ¢ =3wt%, T=25°C, and v= 10puL.
The contact angle 6 decreased from 93.1 4 0.7 to 25.0 & 2.1° as
d increased from 0.5 to 1.5 mm and was approximately 0 degrees
when d was 2.0 mm (Figure S1'#). The length [ increased from
0.87 £0.07 to 2.51 £0.09mm as d increased from 0.5 to
1.5mm. The curvature radius R was approximately 1.2 mm
when d was 0.5-2.0 mm. On the other hand, in the case of the
water droplet, 6 decreased from 110.8 2.1 to 30.5 £ 1.1° as
d increased from 0.5 to 1.5 mm, while it was approximately 0
degrees when d was 2.0mm. The length / increased from
0.44 +£0.02 to 2.43 £0.04mm as d increased from 0.5 to
1.5 mm.
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Figure 3. Effects of the volume of agar gel droplets (@) and
water (O) on (a) contact angle 8, (b) penetration length [, and
(c) curvature radius of air-liquid interface R. T=25°C, ¢ =
3wt%, and d = 0.5 mm.

The effect of ¢ on the three-dimensional geometry was
evaluated under the following conditions: 7= 25°C, v = 10uL,
and d = 0.5 mm. We could observe the geometry of the agar gel
droplets only when ¢ was 1-3 wt % (the mechanical strength of
the agar gel was not sufficiently good to separate it from the
pillar surfaces when ¢ was 0.5 wt %, while the agar gel surfaces
were rough when ¢ was 4wt%). The contact angle 6 of a
1-4 wt % aqueous agar solution droplet was approximately 93°,
which was lower than that of water droplets (110.8°), as shown
in Figure S2.'* On the other hand, the length of penetration / of a
14wt % aqueous agar solution droplet was greater than 1 mm,
which was greater than that of water droplets (0.44 mm). The
curvature radius R was approximately 0.8 mm when ¢ was
14wt %.

Here we discuss the mechanism for the changes in the three-
dimensional geometry in terms of v, d, and c. We focus on the
pinning effect on the multipillared surface. This effect involves a
discontinuous change in the contact angle on nonuniform
surfaces due to the energy barrier at the edges; that is, at the
edges, the spreading of a liquid is inhibited, and the contact
angle changes from 0 to Geq + o, where 84 is the contact angle
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of the liquid droplet on a flat substrate and « is the angle of the
edge.!? This effect causes the changes to / and 6. The penetration
of a liquid into the interspace between pillars, which is induced
by gravity and capillary forces, is inhibited by the pinning
effect.” The contact angle 6 decreased as d increased because
an increase in d weakens the pinning effect at the edges of
multipillared surfaces. In supporting information, we discuss a
possible scenario based on pinning effect.

In summary, we demonstrate a method for determining the
three-dimensional structure of agar gel droplets on hydrophobic
multipillared surfaces. For example, the contact angle 6 and the
curvature radius R increased with increasing v, while the length
of penetration [ decreased. These changes for 6, I, and R are
caused by the pinning effect at the edges of the pillar systems.
Other than water and aqueous agar solutions, the wetting
behavior of some oils was observed on the multipillar surface:
silicone oil and 2-propanol were spread on the pillar surface
completely, while 85wt % of aqueous glycerol solution formed
a droplet with 99.9 degree of contact angle. The present method
is useful for understanding the wetting or penetration behavior
of liquids on rough surfaces.

This research was supported by Grant-in-Aids for Scientific
Research on Innovative Area (Nos. 21106504 and 23106704)
from the Ministry of Education, Culture, Sports, Science and
Technology, Japan (MEXT).
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