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1. Introduction

Gels are materials which have been attracting continued interest as they are intriguing state of matter in
physical and chemical sciences [1] and they also have promising technological potentials in many applica-
tion fields. The understanding and control of interfacial properties of gels is of crucial importance in several
promising applications: they determine adhesion and friction [2] (e.g. cartilage replacement), surface tension
and wetting properties (e.g. soft coatings), optical properties (e.g. anticondensation coatings), effects on bac-
terial motility [3]. Of those problems about the interfacial properties of gels, here we are focusing on the
problem of wetting.

Compared to general solid materials on which wetting problems have been extensively studied, gels have
two specific features which can affect the dynamics of the contact line, i.e., gels are very soft and swells
drastically with liquid. Although the effect of the softness (i.e. deformability) and of liquid diffusivity on the
dynamics of contact line in wetting processes were studied individually [4-7], the dynamics of the contact
line on gel surfaces would be yet different from those cases because these two features exist simultaneously.
Several studies have been conducted to characterize the wetting properties on gel surfaces [8, 9], but these
studies did not make it clear how the dynamics of contact line is different when it is coupled with the local
deformation of the substrate and the diffusion of the liquid.

In this article, we study the wetting and diffusing processes of water droplets on hydrogel substrates. For the
precise analysis of the dynamics of the contact line with the existence of the deformation of the substrate and
diffusion of the liquid, it is required to measure both the profiles of the droplet and of the substrate simulta-
neously. By using a grid projection method, we have established a new experimental method for measuring
these two profiles simultaneously and dynamically.

2. Experimental Section

For the hydrogel substrate, two gels were prepared: nonionic Poly (vinyl alcohol) (PVA) gels and anionic
Poly (2-acrylamido-2-methyl-propane-sulfonic acid -co- acrylamide) (PAMPS-PAAM) gels. Distilled water
(Milli-Q Integral; Millipore, USA) was used for liquid droplets.

The processes for the preparation of gel substrates are as follows. The PVA gels were prepared through the
cross-linking reaction of poly vinyl alcohol (PVA; Mw = 100,000: Sigma-Aldrich, USA) solution with a
cross-linking agent Glutaraldehyde (GA: Sigma-Aldrich, USA) at an aciditic condition (pH = 2, adjusted by
hydrochloric acid). The total mass concentration of polymer was set at 5% and the molar concentration of
GA was set at 1 mol%. The PAMPS-PAAM gels were prepared through the radical polymerization of a solu-
tion of 2-acrylamido-2-methyl-propane-sulfonic acid (AMPS; Sigma-Aldrich, USA) and acrylamide (AAM;
Alfa Aesar, USA) in water with a cross-linking agent, N,N'-methylenebisacrylamide (MBA; Sigma-Aldrich,
USA), and with initiators, Potassium persulfate (PS: Sigma-Aldrich, USA) and N,N,N'N'-
Tetramethylenediamine (TEMED; Sigma-Aldrich, USA). The molar ratio of monomers was AMPS : AAM =
3 : 7. The total mass concentration of monomer was set at 10 %, and the molar concentrations of MBA, PS,
and TEMED were set at 5 mol%, 1 mol%, and 1 mol%, respectively. To obtain a sheet-shaped gel substrate,
the gels was prepared between two parallel glass plates which were separated by a silicon rubber spacer with
a thickness of 4.5 mm.
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Figure 1 shows the setup for the profile measurement. The gel substrate was placed on a hollow stage, and a
droplet was placed on the substrate with a micropipet. The initial volume of the droplet was fixed to 1 pl. To
measure both the profiles of the droplet and of gel simultaneously, the grid projection method was used [10].
In the grid projection method, the profiles are measured by tracing the distortion of grid lines between before
and after the placement of the droplet. The original grid plate was located far from the observation system.
The illumination light emitted from the photodiode passed trough the grid plate and was converted to a paral-
lel light by an optical lens (f =200 mm). Then the light was guided to the bottom of the substrate, and passed
through a focus lens (TV lens f = 35 mm: Pentax, Japan). This focus lens projects the mirror image of the
grid inside the gel substrate, which is set just below the droplet. With the use of the mirror image, the resolu-
tion of the grid lines increases up to 6 times of the original grid lines. The grid image was measured by a
CCD camera (A101FC; Basler AG, Germany) which was located above the droplet. The example of the grid
image obtained after the placement of droplet is also shown in fig. 1.

The original profile can be reconstructed by tracing the light path which passes through each grid line. As is
shown in fig. 2, the shift of the grid line d is related to the local slope of the interface tan a(x,?)between

the mediums of different refraction ratios (medium A: air, medium B: water or gel). With geometrical optics,
the relation between the shift and slope is given by the following three equations:

sina = nsin f3, €))

7/:&_/6’ (2)
d

tany = —, 3)
e

where a and f are the angles of the light path in mediums A and B with respect to the normal to the interface,
y is the angle of the light path in medium B with respect to the vertical axis, » is the refractive index of me-
dium B (since the water volume fraction in the gel is considerably large, we used the value of water n = 1.33
in the whole range of experiment). By solving egs. (1) - (3) numerically, the local slope of the interface
tan ¢ was obtained from d;, and the whole profile was obtained by integrating tan « in a horizontal direc-
tion x.
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3. Results and Discussion

Figure 3 shows the spatio-temporal diagram of the shift distance of the grid lines d; in one cross section of
the droplet. Figure 3 (a) is the results on PVA gel, and (b) is on PAMPS gel. It is seen that after the droplet is
placed on a substrate, the grid lines in the regions of the droplet shift from their initial positions to certain
distances. In the left side of the center of the droplet, the lines shift to left, while the lines shift to right in the
right side.

Just after the droplet is placed on a substrate, there exist a large discontinuity of d; between the region where
the droplet was placed and the other region, i.e., d; varies sharply at the edge of the droplet. As the water dif-
fuses from the droplet to the gel d; becomes smaller in the droplet region. On the other hand, the region
where d, has a non-zero value extends from the initial position of the contact line.

Using the procedure mentioned in the previous section, the original profiles and their time evolution can be
reconstructed from the data in fig. 3. Figure 4 shows the half cross sections of the profiles (the height against
the radial position) of the droplet and gel substrate for 5 different time steps. It is seen that during the diffu-
sion process of the droplet into the gel substrate, both the profiles of the droplet and substrate vary. At the
initial stage (t = 15 s), the contact line of the droplet is seen clearly, i.e., there exists a discontinuity of the
slope between the region of the droplet and substrate. As the water diffuses from the droplet into the sub-
strate, the height of the droplet region decreases, while the height of the substrate in the vicinity of the con-
tact line increases. At a late stage (1200 s for PVA and 100 s for PAMPS-PAAM), the horizontal scale of the
deformation reaches the order of 1 mm, which is considerably larger than the typical deformation extent that
was observed in the wetting problem on elastomers [11]. From this feature, we consider that the deformation
of the gel substrate is mainly caused by the swelling effect with solvent, and not by the balance between the
elastic force and vertical component of surface tension.

As the water diffusion proceeds, the boundary between the droplet and substrate becomes less clear and it is
difficult to observe the position of the contact line directly (especially on the PAMPS gel substrate). Even in
that stage, it is still possible to detect the contact line by using the curvature in the central region. Due to the
effect of the surface tension, the droplet region takes a profile of a spherical cap having a uniform curvature.
Therefore, the position of the contact line can be detected as the point where the actual profile deviates from
the extrapolation of the curvature at the center.
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By comparing fig. 5 (a) with (b), it is clearly seen that the motion of the contact line is strongly coupled with
the time variation of the angles. At the first stage when the contact line is pinned, there exists a large differ-
ence between 6, and 0, As the water diffusion proceeds, 04, and 0, come close to each other, and it is
only at the moment where these two angles almost corresponds that the contact line starts to recede. This re-
sult means that when a contact line recedes on a PAMPS-PAAM gel substrate, apparently it has a finite re-
ceding contact angle, but the actual receding contact angle with respect to the inclined substrate 0,,,,—0c; is
almost 0" .

4. Conclusion

A new experimental technique based on a grid projection method is used for studying dynamics of
spreading of liquid on a hydrogel substrate. Our results show that the dynamics of the contact line on hy-
drogel substrates are quite different from those observed for general solid materials, especially for the cou-
pling between the pinning-receding motions of the contact line and the angles of the droplet and substrate.
To understand the receding process of the contact line, the important factor is that the diffusion of the liquid
can change the wetting property of the gel surface dynamically. For the detailed analysis of the present phe-
nomena, solving the combined equations of water diffusion into gel and the balance of interfacial tensions at
the contact line is required, which will be conducted as our future works.
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