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Dynamic Measurement of Low Contact Angles by Optical
Microscopy
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Precise measurement of contact angles is an important challenge in surface science, in the design
and characterisation of materials and in many crystallisation experiments. Here we present a
novel technique for measuring the contact angles of droplets between about 2° and 30°, with
lowest experimental uncertainty at the lower end of this range, typically £0.1°. The lensing effect
of a droplet interface produces the appearance of bright circles in low-aperture light, whose
diameter is related to the contact angle. The technique requires no specialised equipment beyond
an ordinary optical microscope, and may be used to study the dynamic evolution of the contact
angle in-situ during an experiment.

1 Introduction

Measurement of liquid-on-solid contact angles is an important problem across a diverse set of
scientific disciplines, from aerospace engineering and crystallisation to botany and soil science,
amongst many others. Knowledge of contact angles is vital for estimating adhesion in granular
materials'2, and for calculating the strength of capillary forces which dominate water absorption
and flow phenomena in porous media and granular packings*>. The contact angle has profound
effects on the dynamics of drop impact® and on the dewetting of surfaces’. It can be used to
estimate surface energies®®, and as a convenient way to calculate the volume of small droplets.

The techniques for measuring contact angles are almost as diverse as the reasons for doing so'”"
! Perhaps the most common — and arguably the simplest — is the sessile drop technique, in
which a drop of liquid is observed side-on through a goniometer. The contact angle may then be
measured directly, or inferred through analysis of the drop profile. This technique is popular for
several reasons: it is simple to perform, it is reasonably accurate and it may observe dynamic
changes in contact angle. In this paper we present a new technique which boasts this same set of
strengths (plus a few of its own) and can be used to measure contact angles of liquid droplets
using nothing but an ordinary optical microscope.

Our technique exploits the ability of a small droplet to act as a lens: either the surface as a
reflective lens or the bulk as a refractive lens. We are not the first to use reflective or refractive
lensing to measure contact angles. Allain et al. illuminated a droplet with a laser, which both



reflected and refracted bright circles onto screens'?. The diameter of these circles depended on
the contact angle at the droplet's edge. Zhang and Chao described a similar technique, and used
interference fringes on the projection to infer the shape of the drop near the contact line!*!#, and
Thomas et al. devised a more sophisticated version of the same experiment in the refractive
mode, using an interferometer to infer the drop profile from the intensity distribution of the
lensed light'>. Others have used the lensing of light to measure contact angles in different ways'¢-
18 These techniques, whilst functional and accurate, require specialised optical setups (typically
involving lasers) which may not be feasible for many researchers, and may not be suitable for

non-static droplets, or those contained within an experimental chamber.

The strength of our technique lies in its simplicity. When observed under a microscope in low-
aperture reflected light, a droplet appears to have one or more concentric circles of bright light of
well-defined diameter, as shown in Figure 1. The diameter of these is determined by the optical
properties of both the droplet and the microscope. If the microscope's properties are known and
the system understood, then the contact angle of the droplet may be inferred.

The technique has its limitations, as well as its strengths. It is suitable only for measuring
relatively small contact angles (we do not recommend it outside the range 2—-30°) and for
relatively small droplets (diameter below about 4 mm), and it requires a flat substrate, of
homogeneous contact angle on the length scale of the droplet. However otherwise it is a very
versatile, precise and inexpensive technique. Here in this paper we first develop the theory
underlying the technique before moving on to an experimental description. Results are presented
of some experimental verification tests, before concluding with a discussion of its strengths and
limitations in comparison to existing techniques.

2 Theory

A microscope objective accepts light only over a limited range of angles, up to a critical angle ¢,
from the normal. This can be predicted from its numerical aperture NA:
NA = n,, sin ¢, (1)

where n,, is the refractive index of the medium. This has an important implication when
observing a film of liquid under a microscope with reflected light, the surface of which is at an
angle a to the horizontal: if @ exceeds a critical value a., then the angle of reflected light ¢, will
exceed ¢, and the film will appear dark. This may happen for two different modes of reflection:
direct reflection from the surface of the liquid (the reflective mode), or refraction through the
liquid surface followed by reflection from the substrate surface (the refractive mode). These are
illustrated in Figure 2.

When looking at a droplet, a increases with increasing distance from the centre. Hence the
droplet will appear bright in the centre and dark closer to the edge. If the illumination aperture is
closed down to a pinhole (causing light to reach each point of the surface at a single well-defined
incident angle ¢;), the boundary between bright and dark becomes sharp and distinct, having a
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diameter d. The two modes of reflection produce two boundaries: one corresponding to the
reflective mode, nearer to the centre, and one corresponding to the refractive mode, nearer to the
contact line. Figure 1 shows photographs illustrating the effect. The lower the contact angle of
the droplet, the closer the boundaries will approach the contact line. For sufficiently low contact
angles, only the reflective mode boundary will be visible. For even lower contact angles no
boundary will be visible and the droplet will appear entirely bright.

We shall use the superscripts [ and r to refer to quantities specific to the reflective or the
refractive mode, respectively. The drop diameter D and either d* or d” may be used to predict
the contact angle 6. There are several ways of doing this, depending on the level of accuracy
required. We shall start from the simplest, and work up to the most accurate.

We shall make two approximations common to all approaches: first, that the droplet is shaped as
a spherical cap (true for sufficiently small droplets on a flat homogeneous surface, see
Discussion), and second, that the incident light may be described as equivalent to illumination by
a point source a distance z,n,, above the substrate (z, being a measurable property of the
microscope and objective).

2.1 Thin film approximation

Here, we shall make two more approximations: that the distance between the curved interface
and the substrate is negligible, and that the angles involved are small enough to apply the
paraxial approximation (Sinx = tanx = x;cosx = 1 — Exz). This lets us derive very simple

analytical expressions which are sufficiently accurate for calculating very small angles.
Comparing their predictions to numerical solutions for water drops with D up to 2 mm, they are
seen to be accurate to within 5% for 8 below 15°, 2.5% for 8 below 10° and 0.5% for 6 below
5°, for a selection of objectives across both modes.

By finding the critical surface angle «, at which ¢,- = ¢, we can find the contact angle by
approximating the interface shape as a parabola. This means that a(r) is proportional to the

. D . . .
distance r from the droplet centre, and as a(;) = 0 at the perimeter, we derive the expression

“(3)_a_a *
«(z) © P
The angle of incident light ¢; (shown in Figure 2) may be expressed as
r
Qi = Zom ©)

For the reflective mode, the reflection condition at the surface is

or = @; + 2a C))

leading to the final expression
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using the criteria that « = al and @, = @, atr = 3 d'. For the refractive mode, we must consider

the angle of light within the droplet, § (shown in Figure 2). Now we have to satisfy Snell's law
as the light passes both into and out of the drop:
at+e; ate, n (6)

a—B a+pB  n,

where n is the refractive index of the liquid (we assume throughout that n > n,,). Note that the
refractive index of the substrate does not need to be known, as the change in refractive index at
the liquid-substrate interface affects only the intensity - not the direction - of reflected light.
Equation 6 leads to the relationship

n
¢r%—¢i+2(n——1)a ™

m

in place of Equation 4, and hence to an expression of similar form to Equation 5:

et () (M)

2n, \ny, dr 2z,

2.2 Lensing approximation

The thin film approximation is sufficiently accurate for most purposes for € up to about 10°. But
above this it begins to become increasingly inaccurate, primarily because it does not consider the
thickness of the droplet. An alternative approach which is much more accurate at higher contact
angles (at least for the reflective mode) is to approximate the droplet as a simple lens. In the
reflective mode, the droplet surface is a divergent reflective lens which focuses the light source a
distance s, above the lens to a virtual image a distance Sl-l below the lens. In the refractive mode,
the droplet acts as a double-convex converging refractive lens, focusing to a real image a
distance s above it. Both modes are illustrated in Figure 3.

The observed bright region is the set of points on the focal plane (substrate surface) illuminated
by the image of the light source at an angle to the vertical below the critical angle ¢.. Thus if z;
is the distance between the image and the focal plane, then
tan @, = i ©)
Pc = 22,
In the reflective mode, the lens is modelled as a thin lens located at the apex of the drop, a
distance h above the surface, where



h =R(1—cos®), (10)
R being the radius of curvature given by

D (11)
k= 2sinf’

The object and image distances are therefore s, = z, — h and s! = z! + h. These are related by
the thin lens equation

1 1 1 (12)

So S_ll_]Tl

where f! is the (negative) focal length of the reflective surface, given by

R (13)
1l _ =
f 2'
Combining these equations:
1 B 1 _ E (14)
Z,—h d! B
2 tan @, th

which, upon rearranging and substituting Equations 10 and 11, gives

4sin 0 (15)

1 -1
1 —
d —2tanq,’>c<[ D +ZO—Df(9)] Df(H))

where

1—cos® (16)

f(0) = 2sin@

Thus d' can be calculated from D and 6 for a known ¢, and z,. Unlike for the thin film
approximation, this does not work in reverse: 8 cannot be expressed in terms of d* and D. Figure
4 shows the predictions of this approximation compared to numerical solutions, for a water
droplet with D = 2 mm. Agreement between the approximation and the solutions are excellent
across the full range of contact angles, being always within 0.1% for a 2.5x objective and within
1% for a 10x objective. Note that d* passes zero at 8 =~ 60° (i.e. the light source is focused onto
the substrate surface), meaning caution must be taken of multiple solutions of 8(d*, D).

It is possible to perform a similar analysis for the refractive mode, modelling the droplet as a
thick refractive lens. This analysis is presented in the Supporting Information. However, as can
be seen in Figure 4, agreement with numerical predictions is poor except for the case of
extremely low-NA objectives. Therefore, we recommend use of a numerical technique to
calculate contact angles above 10° in the refractive mode.
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2.3 Numerical solution

Code to verify a possible solution for the values (D, d!, 8) for a given NA and z, in the reflective
mode may use the following logic, assuming axial symmetry to reduce the problem to two
dimensions:

1. calculate the intercept of the droplet interface and a line of angle ¢, which intercepts the
focal plane at r = %dl;

2. calculate the surface angle « at this point;
3. estimate the incoming angle of light ¢; required to satisfy the reflection condition;
4. compare this to the expected ¢; calculated from z,.

A solution may be found for a given (D, d') by trying a range of 8 between 0° and 90° and
iteratively homing in on the range containing the solution, if one (or more) exist. A similar
approach works for the refractive mode, except now the logic runs:

1. calculate the intercept of the droplet interface and a line of angle -¢, intercepting the
focal plane at r = %dr;

2. calculate the surface angle « at this point;

het

estimate the angle of light 8 required to satisfy the refraction condition;

4. find the intercept of the mirror image of the droplet interface in the focal plane and a line
of angle [ passing through the first intercept point;

5. calculate the surface angle « at this new point;

6. estimate the incoming angle of light ¢; required to satisfy the refraction condition;

7. compare this to the expected ¢; calculated from z,.

Results are shown in Figure 4 for water drops in air under three different objectives.

3 Experimental procedure

The technique may be used to measure the contact angle of any droplet provided it meets three
criteria. Firstly, the droplet must be small enough that gravitational influence on its profile may
be neglected, and it may be assumed with reasonable accuracy to form a spherical cap. Typically,
this is true for droplets below about 4 mm diameter, as discussed later. Secondly, the substrate
must be sufficiently uniform for the contact line to be approximately circular. Finally, the contact
angle must be well below 60°. It may be seen from Figure 4 that in the reflective mode d' passes
zero close to 60°, and in the refractive mode d” also passes a minimum at a similar angle. Thus
every value of d', D has two possible solutions for 8: one above 60° and one below. This could
lead to ambiguity in estimating 6 for angles too close to 60°. It is assumed that far from this
angle there is little scope for ambiguity: whilst it can be imagined that there might be confusion
whether a droplet has a contact angle (for example) either 55° or 66°, for angles below 30° the



other solution would have 8 > 90°, a possibility which could be easily ruled out by (for
example) looking from the side with the naked eye.

Illumination must be in reflected rather than transmitted mode, and the optical aperture must be
set to a very small opening otherwise the boundary between the light and dark regions will
appear highly diffuse. A suitable objective lens needs to be chosen to match both the size of the
droplet and the contact angle to be measured. Low-magnification objectives tend to have small
NA and may measure very small contact angles and view large-diameter droplets. High-
magnification objectives tend to have larger NA and can make more precise measurements of
larger contact angles for smaller droplets. The best objective to use for any particular drop is
typically the highest-NA objective which can measure the required angle and also can fit the
droplet within its field of view.

It is therefore useful to estimate the minimum contact angle 6,,;, an objective can measure. This
can be found from its NA using the thin film approximation, which becomes quite accurate as the
droplet thickness approaches zero near the contact line. From Equation 5, given that d' = D and
approximating z, = 0o:

NA 17)

l ~
Hmin ~

2n,
and for the refractive mode, making an equivalent step from Equation 8:

n -1 NA 18
o= (2 1) A 19
Ny 2n,,
It is important that the focal plane is coincident with the substrate surface. This is easily achieved

by focusing on the contact line at the edge of the droplet. The droplet may then be photographed
and the values D, d! and/or d” measured from the image.

3.1 Estimation of optical parameters

Where great precision is not required, z, may be assumed to equal infinity and NA is stated on
most microscope objectives. Finite z, is a significant correction only when measuring very low
angles with low-NA objectives, and through testing a selection of different objectives we have
found the stated NA to be consistently accurate to within 2.5%. However in order to decrease the
potential for error, it is usually desirable to measure these parameters.

We have devised a simple technique for measuring NA: if a light source is shone through the
camera port of a microscope, it will project a well-defined cone of light through the objective
lens, of half-angle ¢, relating to NA through Equation 1. If a prism or mirror is placed on the
stage to project this horizontally onto a vertical screen then ¢, may be measured by measuring
the diameter of the bright region on the screen, with the screen at two distances from the
microscope of known separation.



Measurement of z, may be performed by focusing the microscope on an opaque substrate with
two closely spaced pinholes. A screen (or CCD sensor) placed a known distance below the
pinholes will be illuminated by two bright spots; the separation of the centres of these spots will
be slightly larger than that of the two pinholes. By measuring the separation between the
pinholes and that between the bright spots on the screen, z, may be estimated through simple
geometry.

4 Experimental validation

Experiments were performed on a Zeiss Axio Scope.Al, fitted with 2.5x, 5x and 10x "Epiplan"
objectives as detailed in Table 1. To test the generality of the technique beyond this specific
instrument, some measurements have also been taken using a Vickers Instruments M17 fitted
with a 2.5x objective.

Freshly cleaved Muscovite mica was used as a test substrate because of its flatness and chemical
uniformity'®, making it simple to produce large, perfectly round drops without need of elaborate
cleaning procedures. Mica is a transparent substrate, and a thin sheet of it (below 50 pm) was
cleaved and placed onto a glass slide with a layer of hexadecane between the two. The
hexadecane pulled the mica flat against the glass and reduced the reflection that would have been
the consequence of a mica-air-glass transition. As the thickness of the mica substrate is very
small, it is expected that the presence of a mica-hexadecane-glass interface will not significantly
affect the refracted mode measurements. The back surface of the glass slide is painted in black
enamel to prevent reflection. Droplets are applied to the mica surface using a pipettor.

As seen in Figure 1, the boundary of the bright circles is not completely sharp, and therefore
there is an uncertainty in d* and d”, which is typically the largest single source of experimental
uncertainty. Error bars in this and subsequent experiments are calculated by measuring both a
largest and a smallest feasible value for d from a single image, and calculating 6 for both; the
mean 6 is taken with an uncertainty spanning 68% of the range between the two extremes. This
is combined in quadrature with a 1.5% error representing uncertainty in measurement of NA.
Errors in refractive index (refractive mode only), from imperfect focus or from deviation from a
perfect spherical profile are not included in error bars, as they are difficult to quantify and
expected to be smaller than other sources of error.

To compare the two modes and different objectives, a drop of triethylene glycol was used as a
test liquid. Triethylene glycol has a negligible vapour pressure, producing a droplet of static
volume and contact angle. As it is hygroscopic, a dish of the liquid was left for two weeks in a
laminar flow cabinet to equilibrate with atmospheric moisture. A small correction to the
refractive index was than made based on an ambient humidity measurement, Raoult's law, and
literature data on water-triethylene-glycol-mixture refractive index?’.



Images were taken of a droplet using alternating objectives, with each image providing a
measurement of both the reflective and the refractive mode. 8 was calculated using the numerical
method, as was the case for all experimental tests. Figure 5 shows the results. It can be seen that
the reflective and refractive modes are consistent with one another, and that the size of the error
for each is comparable. There is also consistency between the three different objectives, but there
is a lower experimental error for the higher-magnification, higher-NA objectives.

In order to test how the technique operates over a range of different contact angles, it was
desirable to use a liquid with a contact angle which would vary over time. For this purpose,
hexadecane droplets were studied. Hexadecane spreads slowly if applied to mica, so that a
droplet has an increasing D and decreasing 8. As it should not appreciably evaporate over this
time period, its volume should remain constant. This is shown in Figure 6a. The black points
show measurement of the decreasing contact angle, and the green points are the corresponding
droplet volumes calculated from measured D and 6, assuming a spherical cap profile. If the
contant angle measurements are accurate then the volume should be invariant with time. This is
approximately true, but there is a decrease in calculated volume with time just on the upper limit
of that consistent with expected experimental error. It is not clear whether this is due to a small
error in contact angle measurement or whether there is some slight evaporation over time.

Figure 6a shows another feature of the technique: for any given objective, the uncertainty
decreases as the measured contact angle decreases. For these data there appears to be an
approximately constant relative error on 6 of about 3.5%.

Two attempts are made to compare contact angles measured using our technique to those found
using an established technique. One, using the sessile drop technique, was made with triethylene
glycol on mica and is shown in Figure 5, being in good agreement with the our technique. The
other is shown in Figure 6b. Again using a spreading drop of hexadecane, the reflected mode is
compared to the contact angle calculated from the spacing of interference fringes near the contact
line in reflected 532 nm light. Images are taken using alternating objectives: a low-magnification
lens to observe the whole drop and a high-magnification lens to observe interference fringes.
Agreement between the two techniques is very good over the limited range of angles for which
both techniques may be used.

It is often important to distinguish between advancing and receding contact angles. This is not
always possible using our technique, but can be achieved in system-specific circumstances. A
droplet pipetted onto a surface may be supposed to spread until it reaches the advancing contact
angle and then stop; thus the triethylene glycol contact angles measured in Figure 5 are presumed
to be advancing angles. In contrast, an evaporating droplet may be supposed to first spread to its
advancing contact angle, and then reduce its volume within a fixed diameter until the receding
angle is reached. An example of this is shown in Figure 7 for water evaporating on mica which
has been soaked in water for one hour and then dried. Although the droplet spreading occurred



too quickly to catch, a period of evaporation at fixed diameter can be seen followed by a period
of receding. The receding contact angle is the angle at which the diameter first starts to recede.

5 Discussion

The technique outlined in the previous sections is flexible; it may for example be used with
substrates having either a reflective, transparent or diffusive surface. For a reflective surface (e.g.
polished silicon) both modes may be used, but it is possible that the strong reflection from the
liquid-substrate interface may make the reflective mode difficult to observe (Figure 8a). For a
transparent surface (e.g. glass, mica) either mode may be used, but for the refractive mode care
must be taken to avoid back-reflection from the reverse face of the substrate, for example by
painting the reverse face black. For a diffusive surface only the reflected mode may be used as
there can be no clean reflection from the liquid-substrate interface (Figure 8b). Note that the
reflective mode, unlike the refractive mode, requires no knowledge of the liquid's refractive
index. The reflective mode may also be the only suitable mode if the liquid and substrate have a
similar refractive index (allowing little or no reflection at their interface) or if the liquid is not
transparent (e.g. mercury).

Droplets must be small enough that their profile is spherical to a good approximation. The
criteria for this is that the hydrostatic pressure difference between the top and bottom of the
droplet should be much less than the Laplace pressure difference across the interface, i.e.:
2y (19)
h LK —
gp R
where g is acceleration due to gravity, p the liquid density and y the surface tension. Using
Equations 10 and 11 and the paraxial approximation, it may be shown that for small angles,
Equation 19 is approximately equivalent to
(20)

p«al L
gp

In the case of water droplets, this means D << 11 mm. We therefore suggest D ~ 4 mm as an
approximate upper limit for the size of droplets.

The technique has advantages and disadvantages over existing methods, depending on the
system and on the circumstances of measurement. First, we will consider the predominant sessile
drop technique. In its simplest incarnation, this involves placing a drop onto a substrate and
photographing it from the side, measuring the contact angle directly using a protractor®!. More
commonly, some manner of curve fitting is used to calculate the contact angle from the drop
profile, possibly using mathematical techniques to account for gravitational deformation where
great precision is required??>*. The sessile drop technique has two key advantages over our
technique: it can measure arbitrarily high contact angles, and it can distinguish advancing and
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receding angles by injecting or withdrawing liquid into the drop. However, due to the camera
typically being placed slightly above horizontal for practical reasons, the sessile drop technique
can becoming increasingly inaccurate for contact angles below about 20°!% 23 and our technique
is therefore likely to greatly exceed its precision at small angles. In addition the sessile drop
technique cannot be used when an experimental cell blocks the view from the side, or when the
droplet is immersed in another liquid.

While other optical lensing techniques (as discussed in the introduction) may provide a higher
level of precision than our microscopical technique, they require a specialised setup and may not
be appropriate in applications where dynamic imaging of the droplet is required during a time-
dependent process, or several small droplets are to be observed simultaneously. Another optical
technique is to infer the contact angle from thin-film interference at the very edge of the drop®*
26_ The simplest version of this technique is to observe interference fringes under a microscope,
as was used previously in Section 4. This is extremely accurate and has the advantage that there
i1s no minimum observable contact angle. However it suffers from being only applicable for
extremely low contact angles (anything above 5-7° for typical n is difficult, in our experience),
and for all except the very lowest angles fringes are only observable by focusing on the very
edge of a drop using a high-powered objective. Thus our technique is preferable if whole-drop
observation is required. Another microscopical technique was put forward by Fischer and Ovryn
which used a similar analysis to our own to model light refractively lensing through a drop, but
required a scanning confocal interference microscope to measure phase shifts’.

Another set of measurement techniques involves the use of surface tension effects to measure
contact angle. This includes the Wilhelmy technique in which a substrate is drawn into and out
of the liquid®®?°, and a technique which measures the shape of a capillary bridge between two
surfaces®®. Such techniques are typically not useful for dynamic measurements, or for localised
measurements, and require knowledge of the surface tension and density.

There is an even simpler way to estimate a droplet's contact angle from a top-down view than the
one described here: calculation from a known volume and diameter*!3*. This has the advantage
of working over a wide range of contact angles and even above 8 = 90°, as well as not requiring
knowledge of the objective lens' optical parameters, however it has one obvious downside: it
requires precise knowledge of the droplet's volume. Dispensing droplets on the microlitre scale
with small uncertainty in volume is a difficult technical challenge. The technique also lacks
potential to study evaporating droplets whose volume changes with time, or droplets applied
through condensation or through a spray whose volume is not even approximately known.

6 Conclusion

We have outlined a procedure for a method of contact angle measurement using only an optical
microscope, and requiring no knowledge of a droplet's volume, density or surface tension (or
even, in the reflective mode, its refractive index). A theoretical model has been developed, and
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shown to be consistent with experimental tests. The technique is recommended for the range 2—
30°, but this is not a firm limit: angles below 2° may be measured with the use of an unusually
low-NA objective, and measurement of angles above 30° is possible, but is associated with
increasingly large uncertainty such that other techniques are likely to be preferable. There is also
an increasing problem of potential ambiguity arising from multiple solutions for 8 as
approaches 60°.

The technique should be useful as a surface characterisation technique for small angles where the
sessile drop technique is imprecise. Numerous scientifically and technologically important
classes of materials exhibit low water contact angles, including metals, glasses and clay minerals.
Measurement of low contact angles is a useful tool to indirectly study the imperfections of a
surface or to test its cleanliness, as the contact angle on a hydrophilic surface is often very
sensitive to small amounts of contamination or minor chemical modification*-’; this sensitivity
can also make it a useful tool for measuring surface energies ®°. The technique is highly
versatile, allowing measurement of liquid-liquid-solid contact angles and able to track changes in
contact angle with time. As it is naturally coupled with microscopic observation, it naturally
lends itself to experiments where dynamic observation of processes within droplets is required,

such as the freezing of supercooled droplet arrays®*-* or precipitation from evaporating drops**-
41
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Table 1. Stated (NA,) and measured (NA4,,) values of NA, and also measured z, for objectives
used in experiments.

Objective Serial NA, NA,, Zy (mm)
number

Zeiss 2.5x 422320-9900 0.06 0.0585 190

Zeiss 5% 422030-9902 0.13 0.131 340

Zeiss 10x 422040-9902 0.25 0.255 67

Vickers 2.5x V579 0.08 0.0805 129

Figure 1. Two photographs of a 0.75 uL drop of hexadecane spreading on Muscovite mica under
a 2.5x Zeiss objective. The inner bright circle (diameter d') corresponds to the reflected mode;
the outer (diameter d") to the refractive mode. From these and the contact diameter (D), the
contact angles are estimated to be (a) 17.5° and (b) 5.6°.
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reflective refractive

Figure 2. Illustration of reflection and refraction of light from a thin angled film. If the surface
angle a is above a certain threshold, then the reflected angle ¢, will exceed the critical angle ¢,
for the objective lens and the film will appear dark.

reflective refractive

Figure 3. [llustration of droplets acting as lenses to focus incoming light. In the reflective mode,
the droplet surface creates a virtual image of the light source a distance s} below the liquid
surface. In the refractive mode, the droplet effectively acts as double-convex lens to create a real
image a distance s; above the surface.
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Figure 4. Graph showing predicted contact angle as a function of d/D for D = 2 mm droplets of
water (n = 1.333) in air under 2.5%, 5x and 10x Zeiss objectives in both reflective and
refractive modes. Black, red and blue lines are calculated using a numerical approach. The thick

grey lines show the predictions of the lensing approximation for comparison.
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Figure 5. Comparison between 2.5%, 5x and 10x Zeiss objectives and between the reflective and
refractive modes for estimating the contact angle of a static 0.1 uL drop of triethylene glycol on
mica. Each pair of reflective/refractive mode measurements is taken from a single image; the
small time offset between them is only for visual clarity. Error bars on refractive mode points do
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not include any uncertainty in refractive index. The grey region represents the uncertainty range
on a measurement using the sessile drop technique on a similar substrate (20.3 + 0.8°).
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Figure 6. Contact angle measurements (reflective mode, 2.5x Zeiss objective) for two droplets
of hexadecane (n = 1.434) spreading on mica. (a) also shows the droplet volume (green
diamonds), estimated from the measured contact angle and diameter, remaining approximately
constant as the droplet spreads. (b) also shows the contact angle (purple triangles) measured from
interference fringes at the droplet's edge for comparison; error bars on these points do not include
any uncertainty in refractive index.
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Figure 7. Diameter (orange squares), contact angle (black circles) and volume (green diamonds)
of an evaporating water droplet on mica. The droplet diameter begins to reduce when the
receding contact angle is reached. Contact angles are measured using a 2.5x Vickers objective in
reflective mode.

500 pm :

Figure 8. Water droplets on (a) polished silicon and (b) rough silicon, imaged using a 5x Zeiss
objective. The reflective polished silicon has a clear refractive mode circle, and a fainter
reflective mode circle visible within, predicting 6 = 23.1 + 0.8° and 23.6 + 0.9° respectively. The
diffusive surface of the rough silicon does not produce a refractive mode circle, but the reflective
mode predicts 8 = 8.2 £ 0.7°.
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