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ABSTRACT

We introduce an optical diagnostics to determine the dual-surface profile of liquid droplet using internal reflection
interferometry. A coherent laser beam is internally reflected on the air/liquid interface of a sessile droplet placed on a
prism-based substrate to produce an interference fringe on a screen far from the substrate. The reflected laser rays
consist of the reflection from the center spherical droplet profile and the one from the lower hyperbola-like droplet
profile. The reflected rays are interfered each other to form the interference fringes. Ray tracing simulation is
conducted using a custom-designed computer program. The simulation shows that the interfering rays reflected near
the inflection point produce the outer-most fringes of the concentric interference pattern on the screen, and the reflected
rays from the apex of the spherical profile and the contact line of the lower hyperbola-like profile construct the fringes
at the center of the interference patterns. The simulated results are compared with the experimental observation to
show a good agreement in the number and the location of the fringes and the radius of the outer-most-fringe where the
number of the fringes is dependent on the droplet thickness and the radius of the fringe depends on the contact angle
of the droplet. This result provides a new measurement technique to determine the morphological features of very
small microdroplet such as the thickness ( < a few micron thickness), the contact angle (< a few degree), and the dual-
surface profile.

KEY WORDS: Internal reflection interference, Micro droplet, Dual-surface profile, Droplet height, Contact angle,
Precursor film

1. INTRODUCTION

When microcontact printing (WCP) is applied by a stamp with square or circular protrusions, an array of minute
droplets can be printed on a target substrate [1, 2]. The surface profile of printed droplet is characterized with non-
monotonic geometrical aspects such as spherical cap, precursor film, and inflection line [3, 4]. The geometrical
profile of individual droplet is primarily influenced by the surface energy difference between liquid and substrate.
After releasing the stamp from the substrate, the contact line of droplet is expected to recede until the droplet forms
a certain shape at an equilibrium state. The resultant droplet forms a dual-profile with an inflection line that
partitions a droplet surface geometrically [5]. The upper part of the droplet surface covered from its apex to
inflection line takes a nearly spherical-cap shape like a convex lens. From the droplet’s edge to inflection line,
conversely, the droplet surface shapes in concave upward, which is formed with a foot region and a precursor film.
It is an important procedure to verify the geometric shape of droplet surface in some applications such as micro
lens array [6], the evaporation or condensation of sessile droplets [7], and the spreading of droplet [8]. There have
been various methods of droplet profile measurement based on goniometry [9], interferometry [10-12], total
internal reflection fluorescence microscopy (TIRFM) [13], atomic force microscopy (AFM) [14], frustrated total
internal reflection (FTIR) [15], and internal reflection [11]. Especially, microscopy technique was used to measure
droplet profiles with very thin height and low contact angle; Fizeau interferometry [12] and internal reflection

[11].
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In this paper, we introduce a simple optical method to determine the thin height s and low contact angle
of micro droplets using internal reflection configuration without complicated microscopy to produce interference
fringes depending on the droplet profiles. Existing studies based on reflection and transmission interference [10,
16] show thick droplet height and high contact angles. The proposed method in this study based on internal
reflection experimentally demonstrates it effectively measures the droplet height from 1.7 micron to 16 micron
with the contact angle from 2.5 to 17 degree. The outcome of this research shows that it can effectively detect the
height of thin droplet as small as ~ 1 micron and the contact angle as low as ~1 degree.

To characterize interference fringe patterns, a ray-tracing simulation program is developed based on Excel
software with visual basic macro that could provide details of the droplet profiles. A variety of droplets are printed
on different substrates with different oleophobicities. A PDMS stamp is used to make micro droplets. The proposed
technique based on internal reflection interference can be used effectively in determining the morphological
features of micro droplet such as the thickness, contact angle, the precursor film profile, and others.

2. THEORY

2.1  Dual profile of droplet surface

A sessile droplet is formed with two parts in its surface profile. One is an upper profile that is a macroscopic dorm
placing on the apex of droplet [3, 16]. The other is a lower profile that is mesoscopic film attached at the contact
line of droplet. Both profiles are connected along an inflection line (Fig. 1). The dual droplet profile is defined
with several parameters such as droplet’s height (h), droplet’s radius (r), the radial (a) and the axial (b) coordinates
of inflection line, and the thickness of precursor film. In this study, we presume that the upper profile shape as a
spherical cap and the lower one would be a hyperbola curve. The contact angle of droplet is defined as the slope
of droplet surface at the inflection point. The profile of spherical cap can be obtained with droplet height, the
coordinates of inflection point, and a contact angle that is associated with the curvature of spherical cap. The
profile of hyperbola curve (Va and Vb) is obtained from the thickness (t ~ 100 nm) of precursor film and the
coordinates (a and b) of inflection point. The precursor film ranges from a few tens A up to several hundred
nanometers according to thermodynamic equilibrium condition of droplet on a substrate [4].

2.2 Internal reflection and interference fringes

The interference fringe is made by the internal reflection (IR) system with an equilateral triangle prism (SF10, n
= 1.732 at 633 nm). The optical ray tracing about total internal reflection on a droplet surface is illustrated in
Figure 1b. A droplet is placed on the upper side of prism. A He-Ne laser (4= 633 nm) is used as a light source to
produce the interferometric fringes of light on a screen. A coherent, parallel beam (W = 0.8 mm) of a laser is
incident on the left side of prism and reflects on the upper surface of liquid droplet. Total internal reflection
associated with a liquid droplet involves the optical aberration of reflection beam due to the curved profile of
droplet surface. The laser beam reflected on the droplet surface is not parallel any more while it passes out through
the right side of prism. Eventually, due to the dual profile of droplet surface, the laser beam arrives at different
coordinates on a screen according to the position of droplet surface on which it reflects. The interference
phenomenon occurs when two optical rays reflected on the upper and lower profiles meet at the same location of
screen. The intensity of interfered light depends on the phase difference between both rays, which changes
periodically from the center to the out-most of light illumination. The consequential interfered light appears as the
concentric fringe pattern.
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Fig. 1 The dual droplet profile of micro droplet that produces the interference fringes on screen
3. RESULTS

3.1 Microcontact printing with a PDMS stamp

Microcontact printing (LCP) [1, 2, 17] was applied to form an array of sessile droplets on a glass surface. This
method was performed by a polydimethylsiloxane (PDMS) stamp which transferred sample fluid onto a pristine
substrate by contact manner. Soft lithography was applied to fabricate the PDMS stamp having an array of micro
pillars, which was conventionally operated with a pattern mask, a micro UV aligner, a hot plate, and some
chemicals such as Sylgard 184 silicone elastomer (Dow Corning Inc.) and SU-8 photoresist (Microchem Corp.)
[17, 18]. We made a stamp having a square protrusion with the widths of 200 um and the height of 200 pm.

Fig. 2 presents the representative side-views of droplets transferred by two methods on different coating
surfaces. We tried to generate tiny droplets with low contact angle since small, thin droplets make distinct fringe
patterns on screen. The volume of droplet is proportional to the amount of sample fluid being pendant on the tip
of stamp protrusion or syringe needle. In addition, it can alter along the different adhesion forces of sample fluid
on substrate. The diameter (radius) of the droplet is somewhat accurate in the measured data, but the thickness
(height) and the contact angle seem to be quite different.

Plain glass Oleophilic Oleophobic

Fig. 2 Different microdroplet profiles on the different coating conditions

3.2 Internal interference fringes and analysis

Fig. 3 shows the photographic images for the microdroplets in Fig. 2 on the plain and oleophilic glasses,
respectively. Note that the microdroplet on the oleophobic coated glass doesn’t show the formation of the
interference fringes because of its thick profile which is also verified during the simulation, indicating there is no
dual profiles. The images are captured at the incidence angle of 43.2°. The simulation generates the same number
of fringes with the corresponding locations according to the ray-tracing scheme.
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Fig. 3 The photographic images for the interference fringes on the plain and oleophilic coating glasses. The figure
also shows the simulated interference fringes with a good agreement.

4. CONCLUSIONS

In this presentation, we introduced a new diagnostic technique to measure the morphological features of micro
droplets placed on a glass substrate. This method is based on the principle of internal reflection interferometry. A
coherent laser beam reflected on the micro droplet produces interference fringes on a far-field screen. This
interference fringes care caused by the dual profile characteristics of the microdroplets. The ray tracing was
employed to simulate the produced fringes characteristics and showed a very good agreement between the
experiment and simulation. The outcome of this study shows the morphological features of micro droplets such as
the thickness and the contact angle can be effectively determined by observing the interference fringe formation.
In additions, this research can contribute to determine the edge profile of the micro droplets covering the precursor
film, which is known to be too small less than a micron to be monitored by the existing visualization technique.
The following research is currently under way by combining with the recently developed aperture total internal
reflection (A-TIR) technique [17].
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