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In this work, we discuss an optical method for measuring
surface tension induced meniscii The principle of
measurement is based upon the change in background pattern
produced by the curvature of the meniscus acting as a lens.
We measure meniscus profile over an inclined glass plate and
utilize the measured meniscus for estimation of surface
tension and refractive index.

The phenomenon of heavier entities floating at the liquid-gas
interface is an intriguing occurrence in nature. In such scenarios,
liquid-gas interface deforms and the weight of object is balanced by
the surface tension force. The extent of liquid surface deformation,
also known as the meniscus, gives us the magnitude of surface
tension force at play. Analysing the meniscus is key to unravelling
the underlying physical mechanisms of capillary interactions in
agglomerating particles on a liquid surface during self-assembly'
and locomotion of arthropods such as water striders*. In such cases,
meniscus may not be axisymmetric and may vary with time.
Additionally and more importantly, it may be too small to be
captured accurately using conventional side view imaging. A
technique that can accurately perform whole field, microscale, three-
dimensional (3D) meniscus measurement would be of great benefit
to researchers in this area. Conventional methods for measuring the
topography of free surfaces rely on laser beam refraction® which can
achieve only point or line measurements implying that whole field
information cannot be obtained®. Moreover, these methods often
require a complex and labour intensive optical setup. Researchers
have also used collimated light to obtain the whole field surface
deformation’. Although this approach is simpler, these methods still
require a complex optical setup due to the use of collimating optics.
Expanding upon the work of Moisy et al.®, we discuss a background
(synthetic Schlieren) imaging method for measuring 3D profile of
surface tension induced meniscus. Synthetic Schlieren imaging
utilizes scattered light, considerably simplifying the experimental
setup and procedure®. Until now, Schlieren imaging has not been
used for measuring surface tension induced meniscus. In this work,
we set out to accomplish two key objectives, 1) demonstrate the
accuracy of Schlieren imaging for measuring surface tension induced
deformations, and 2) to develop a tensiometer based on it. To
establish accuracy of Schlieren imaging, we measure meniscus
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profile over an inclined glass plate as an exact analytical solution is
known for this case. We then utilize the measured meniscus profile
for estimation of surface tension and refractive index. Successful
measurement of surface tension of various test liquids proves that a
surface tension induced meniscus can be measured by Schlieren
imaging and, as will be shown later, it can also be used for
measurement of liquid refractive index. At present the common
approaches for measuring surface tension are the Wilhelmy plate, du
Noily ring, pendant or sessile drop method and bubble pressure
method. A comprehensive summary of these techniques can be found
in Drelich’. Pendant and sessile drop methods are of particular
interest and superior to others in several ways. However, the side
view imaging employed in these methods provides only
axisymmetric information about drops'®. Thus, the sessile drop
approach is not suitable for inhomogeneous substrates or when the
drop shape is not axisymmetric. The pendant drop method is also
difficult to apply to low interfacial tension (<0.1 mN/m) fluids due to
increased difficulty in retaining the drop on the needle tip’. The
experimental scheme being proposed in this work will provide 3D
profile of meniscus over the whole contact line, irrespective of low
surface tension as background imaging is highly sensitive to surface
gradient.

The experimental setup is shown in Fig. 1. For measuring 3D profile
of meniscus, we adopt and expand upon the free surface synthetic
Schlieren method®. A random dot pattern is placed below the liquid
vessel. This background pattern is then imaged from above by a
camera. Two images are recorded, one before the glass plate is
inserted, when interface is planar and one after the insertion of the
inclined glass plate when meniscus is present. Due to the curvature
of the meniscus behaving like a lens, the background pattern appears
displaced between the two images. The apparent displacement field
between the two images is determined by digital cross correlation''.
Based on the geometric optics ray tracing approach, the dot pattern
displacement at any point can be related to the meniscus gradient
which can be numerically integrated to obtain the meniscus profile®.
The experimentally determined meniscus profile is then fitted to the
theoretical equation of the meniscus over an inclined plate, which
yields surface tension and contact angle as fit parameters. Moreover,
using the same procedure we can also obtain the value of the
refractive index of liquid. At locations far away from the contact line,
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surface tension induced deformation is negligible and the
displacement of the background pattern is purely due to refraction at
the inclined plate/liquid and liquid/air interfaces. We utilize this
information to estimate the refractive index of the liquid. Thus,
experimental setup shown in Fig. 1 can not only be used to measure
the meniscus profile but it can also be used for simultaneous
tensiometry and refractometry of liquids.

(b)

(@)

Camera

Meniscus i .
A\ _~Inclined
plate
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pool
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ight
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Fig. 1 Experimental setup consists of an imaging camera, a liquid
vessel, a flat plate, a background pattern and the broadband
illumination. (a) Imaging of background pattern through meniscus
and (b) imaging of background pattern through planar surface. As
part of the experimental procedure, the background pattern is imaged
through the planar and deformed interface. Displacement of the
pattern between two images is related to surface gradient to obtain
the meniscus profile.

The following sections begin with a description of the underlying
optics and the calculations involved. We show that the displacement
field is directly proportional to the surface gradient of the meniscus
as long as a correction factor for the inclined glass plate is included.
Next the details of the theoretical model of the meniscus in contact
with an inclined plate are presented. Then the fit parameters for
surface tension and contact angle are extracted by comparing the
measured meniscus profile with the mathematical model for the
meniscus. Finally, to conclude, a comparison of the experimental
measurements with literature data and pendant drop technique is

provided.

In order to determine the relationship between the dot pattern
displacement field and the surface gradient, first we have to look at
the case of a planar liquid surface as depicted in Fig. 2. We consider
the case where random dot pattern is located at z=0 and the

camera, C is located at a height H from the pattern. 4, is the height

of the liquid surface, n is the refractive index of gas while #' is the
refractive index of liquid. Rays emanating from point M on the
pattern will undergo refraction at the free surface and appear to come
from point M’ on the pattern plane. The incidence plane COP is

defined by refracted ray CI and the normal unit vector #. It is
perpendicular to the z=0 plane. As a result, apparent displacement
MM’ takes place in the radial direction /. Looking at triangles A
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IKM' and A IKM and assuming that the camera to pattern distance H
is large enough that paraxial approximation is reasonable, we get

MM'=KM'-KM (1)

1

Ml\/['zhp(tani—tani')f=hp(i—i’)ﬁ:hpi(l—i.jf )

By applying the Snell-Descartes law at the point of incidence I,
subject to the paraxial approximation, we get

=L (3)
n

Replacing ' /i in Equation 2, we get

MM' = ah i , where a=1-n/n' 4)
c
i
i
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Fig. 2 Refraction optics at the plane liquid/air interface. A point M
on the background pattern appears to be located at M'. The Blue line
indicates a ray from point M to camera C and I is the point of
intersection of the ray with the interface. L and W denote the length
and the breadth of the field of view while 71 is the surface normal
unit vector at point I.

Next we consider the case of inclined glass plate with meniscus, as
depicted in Fig. 3 which shows ray geometry in the plane of
incidence. The primary objective of the technique is to measure or ,
which is the optical displacement of the point M’ to M" due to
refraction at the liquid/glass interfaces and the liquid/air interface
(Fig. 4). We assume that the height variation of the meniscus is very
small as compared to the pattern to surface distance /4, . We also

assume a small slope approximation, which means that the surface
slope @ is very small. In our experimental configuration we have a
flat plate immersed in the liquid which increases the displacement of
the point M to M°. The displacement MM°® must be accounted to
measure the surface gradient accurately. We have developed an
analytical expression for magnitude of MM° (see Supporting
Information for derivation),
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Fig. 3 Geometric ray tracing optics at the liquid/air interface and
liquid/glass interfaces showing a point on the speckled pattern, M
and its corresponding displacement M® and M".

MM° =

sin(f-¢), where ¢= sin™ {n,Snm'BJ )

cos ¢ A

In the above expression, / is the thickness of the flat plate in the
incidence plane, 7, is the refractive index of glass and S is the angle

of the inclination of the plate. In order to understand relationship
between surface gradient and displacement field, we now focus our
attention to the refraction at the meniscus. Let the surface be

represented by z = h(x,y) whose normal, 7 is given by,

i-Vh
1+(Vh)’

n=

(6)

Here, Vh is the gradient of the meniscus. Assuming the weak slope
approximation (VA 1) we get,

Vh=3—h 7

Next, we define § as the unit vector along which displacement from
M to M" takes place. It is lying on the incidence plane CAM" (Fig.
4). In terms of variables defined in Fig. 3 and Fig. 4 this can be
written as

MOM”
‘ MOMN

§=

®)

Using the weak slope and paraxial approximations, we can show that
(see Supporting Information for derivation)

(©))

It is worthwhile to note that, CM" =CO+OM" and ‘CM”‘ ~H , the

distance of the camera from the pattern. Combining eqn (7) and eqn
(9) together, we get an expression for VA
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Fig. 4: Three-dimensional ray geometry for a deformed interface.
The incidence plane CAM" is defined by the object point M, the
camera C, and the unit normal vector 7 at point I. This plane is not
vertical in general.

thé—i§+(CO+OM jZOM .

7 7 is (10)

Considering A IKM and A IKM" in the incidence plane as shown
in Fig. 3, it can be proved that (see Supporting Information for
derivation),

M’M"=KM"-KM" = a8 (11)
Equation 11 transforms eqn (10) to
Vh:OM —iMM :OM ~M'M (12)
H ah,i H ah,
We know that MM" is equal to MM’ +8r , which leads to
M'M"=MM"-MM’ = MM’ + ér — MM° (13)
OM"=0OM' + 6ér (14)
M’ MM’ -MM°
Vh:O +8r +or (15)
H ah
P
From eqn (4) and Fig. 2, it can be proved that
oM’ MM’ _ ; (16)
H ah
P
Combining eqn (15) and eqn (16), we get
-MM°
i = O S MM® a7
H ah,
ar is negligible in comparison to dr—MM® as H>>ah
H ah, ’
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&r —MMe
ah

P

Vh=-— (18)

Equation (18) shows that the surface gradient is proportional to
displacement field as long as displacement MM® from inclined
plate is taken in to consideration. We have already derived an
expression for magnitude of MM in the form of eqn (5).

To obtain a theoretical expression for the meniscus, the Young-
Laplace equation is solved in Cartesian coordinates (see Supporting
Information for derivation). The expression for the meniscus height (

h) as a function of the distance ( x ) is given by

lﬁ = tan(a)e ™"

c

(19)

In this expression, [ (=4O / PE ) is the capillary length and
a=p-0_, where 0, is the contact angle. o and p are surface

tension and density of liquid, respectively and g is the acceleration
due to gravity.
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Fig. 5 (a) image of the background pattern with plane dodecane
surface, (b) image of the background pattern with meniscus, (c)
computed displacement field, and (d) displacement magnitude
M'M" as a function of distance from the inclined plate.

In order to validate the technique, a dodecane-air system was chosen
for the experiments. Images were recorded using a Nikon DS-fil
camera equipped with a 40 mm Micro-Nikkor lens. We utilized a
glass diffuser as an inexpensive random dot background pattern. A
0.15 mm thick and 50 x 75 mm’ glass plate mounted on a rotation
platform stage was used as the inclined flat plate. Fig. 5(a) and 5(b)
show images of the background pattern through the plane dodecane
surface (Configuration A) and through the inclined plate and
meniscus (Configuration B), respectively. The displacement of the
dot pattern between the two images can be manually observed. In
this work we have used commercial PIV package DaVis 7.2° for the
computation of the displacement field'' (see Supporting Information
for discussion on PIV evaluation parameters). Fig. 5(c) shows the
computed displacement field. Angle of the inclined plate was set to
13.55°. In Fig. 5b, meniscus starts at y = 0 line. A small region near
the inclined plate could not be imaged due to high surface gradient.
This region can be identified by lower intensity values near origin in
Fig. 5(b). During the displacement field evaluation, we masked out
this region. The lack of data in the starting part of meniscus does not
affect results of surface tension or contact angle as the rest of the
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meniscus profile is available for fitting. Fig. 5(d) shows a plot of the
displacement &r as a function of the distance from the inclined
plate. As shown in eqn (18), the displacement is higher in the region
of high surface gradient near the inclined plate and it decays to a
finite constant value of 0.11 pixel. This final constant displacement
value is due to the inclined plate alone. It can be recognized as

MM and theoretically estimated to be 0.11 pixel by eqn (5). Both
the experimental and theoretical values of MM® are same which

validates our analysis. Since we can experimentally measure MM° ,
we can rather use eqn (5) for determining the refractive index of the
liquid. Therefore, this setup acts both as a refractometer and a
tensiometer. It is imperative to note that the displacement produced
by 0.15 mm thick glass plate is very small. Therefore, we performed
separate experiments with a 0.98 mm thick glass plate inserted at
steeper angles for refractive index estimation. For estimating
dodecane refractive index, a glass plate was inserted at an angle of
20.30°. It produces an experimental displacement of 1.11+0.02 pixel
which can be easily measured with high accuracy. After performing
pixel to mm conversion, this value was substituted in eqn (5) for
determining the liquid refractive index. Following this scheme,
refractive index of dodecane was ascertained to be 1.421+0.002
which is very close to the reported value of 1.422 in literature'?. The
accuracy of the refractive index results can be further improved by
using even a thicker glass plate and by increasing the angle of the
inclined plate.

Fig. 6: Three-dimensional (3D) profile of dodecane meniscus on an
inclined plate.

For estimating surface tension, MM?® (0.11 pixel) was subtracted
from the original displacement profile. Equation (18) was
numerically integrated to obtain the 3D profile of the meniscus as
shown in Fig. 6. Figure 7 shows the two-dimensional profile of the
dodecane meniscus. The experimentally determined meniscus profile
was fitted with eqn (19) to determine the surface tension and contact
angle. This experiment was repeated 10 times. The surface tension of
dodecane was evaluated to be 25.2+0.4 mN/m which is very close to
the value of 25.3 mN/m reported in literature . The contact angle
was estimated to be 1.73+£0.20° which is very close to the value of
1.75+£0.06° measured by the goniometer. In order to further validate
the method, experiments were performed with electronic grade
acetone, isopropyl alcohol, and water. Each experiment was repeated
ten times. Results are shown in Table 1. It can be clearly observed
that the measured values of surface tension and refractive index
match the data reported in literature

This journal is © The Royal Society of Chemistry 2015
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Table 1: Comparison of surface tension and refractive index obtained from background imaging with the reported data in literature

Surface Tension (mN/m)

Refractive Index

Background Imaging Pendant Drop Method Literature Background Imaging Literature
Dodecane 25.240.4 25.842.6 253" 1.42120.002 1.422"
Acetone 23.3£13 23.0£3.3 23.2" 1.35620.001 1.358"
Isopropyl Alcohol 22.4+0.5 22.2 0.7 21.7" 1.374+0.004 1.378"
Water 71.6+0.8 71.1£0.6 72.8' 1.334+0.001 1.3332
313 general solution. In future, experimental measurement of surface
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Schlieren imaging could be a valuable alternative to sessile drop or
pendant drop methods that are difficult to use for inhomogeneous
substrates and low surface tension liquids, respectively.

Even though meniscus for inclined plate case is translationally
symmetric, the experimental method does not make that assumption
and measures the surface profile over the full contact line in the field
of view. This can also be understood from Equation 18,

(Bh/éx)i+(Bh/dy)j=—(8r —MMP°)/ ah , - An arbitrary surface
such as a meniscus between two self-assembling particles would
produce comparable background displacement in both the x and y

directions. Also, in such cases, a glass plate may not be present
between the background pattern and the meniscus. As a result,

MMZ°¢ can be set to zero. In that sense, Equation 18 presents a more

This journal is © The Royal Society of Chemistry 2015
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