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In this work, we discuss an optical method for measuring 1 

surface tension induced menisci. The principle of 2 

measurement is based upon the change in background pattern 3 

produced by the curvature of the meniscus acting as a lens. 4 

We measure meniscus profile over an inclined glass plate and 5 

utilize the measured meniscus for estimation of surface 6 

tension and refractive index. 7 

The phenomenon of heavier entities floating at the liquid-gas 8 

interface is an intriguing occurrence in nature. In such scenarios, 9 

liquid-gas interface deforms and the weight of object is balanced by 10 

the surface tension force. The extent of liquid surface deformation, 11 

also known as the meniscus, gives us the magnitude of surface 12 

tension force at play. Analysing the meniscus is key to unravelling 13 

the underlying physical mechanisms of capillary interactions in 14 

agglomerating particles on a liquid surface during self-assembly1–3 15 

and locomotion of arthropods such as water striders4. In such cases, 16 

meniscus may not be axisymmetric and may vary with time. 17 

Additionally and more importantly, it may be too small to be 18 

captured accurately using conventional side view imaging. A 19 

technique that can accurately perform whole field, microscale, three-20 

dimensional (3D) meniscus measurement would be of great benefit 21 

to researchers in this area. Conventional methods for measuring the 22 

topography of free surfaces rely on laser beam refraction5 which can 23 

achieve only point or line measurements implying that whole field 24 

information cannot be obtained6. Moreover, these methods often 25 

require a complex and labour intensive optical setup. Researchers 26 

have also used collimated light to obtain the whole field surface 27 

deformation7. Although this approach is simpler, these methods still 28 

require a complex optical setup due to the use of collimating optics. 29 

Expanding upon the work of Moisy et al.8, we discuss a background 30 

(synthetic Schlieren) imaging method for measuring 3D profile of 31 

surface tension induced meniscus. Synthetic Schlieren imaging 32 

utilizes scattered light, considerably simplifying the experimental 33 

setup and procedure8. Until now, Schlieren imaging has not been 34 

used for measuring surface tension induced meniscus. In this work, 35 

we set out to accomplish two key objectives, 1) demonstrate the 36 

accuracy of Schlieren imaging for measuring surface tension induced 37 

deformations, and 2) to develop a tensiometer based on it. To 38 

establish accuracy of Schlieren imaging, we measure meniscus 39 

profile over an inclined glass plate as an exact analytical solution is 40 

known for this case. We then utilize the measured meniscus profile 41 

for estimation of surface tension and refractive index. Successful 42 

measurement of surface tension of various test liquids proves that a 43 

surface tension induced meniscus can be measured by Schlieren 44 

imaging and, as will be shown later, it can also be used for 45 

measurement of liquid refractive index. At present the common 46 

approaches for measuring surface tension are the Wilhelmy plate, du 47 

Noüy ring, pendant or sessile drop method and bubble pressure 48 

method. A comprehensive summary of these techniques can be found 49 

in Drelich9. Pendant and sessile drop methods are of particular 50 

interest and superior to others in several ways. However, the side 51 

view imaging employed in these methods provides only 52 

axisymmetric information about drops10. Thus, the sessile drop 53 

approach is not suitable for inhomogeneous substrates or when the 54 

drop shape is not axisymmetric. The pendant drop method is also 55 

difficult to apply to low interfacial tension (<0.1 mN/m) fluids due to 56 

increased difficulty in retaining the drop on the needle tip9. The 57 

experimental scheme being proposed in this work will provide 3D 58 

profile of meniscus over the whole contact line, irrespective of low 59 

surface tension as background imaging is highly sensitive to surface 60 

gradient. 61 

The experimental setup is shown in Fig. 1. For measuring 3D profile 62 

of meniscus, we adopt and expand upon the free surface synthetic 63 

Schlieren method8. A random dot pattern is placed below the liquid 64 

vessel. This background pattern is then imaged from above by a 65 

camera. Two images are recorded, one before the glass plate is 66 

inserted, when interface is planar and one after the insertion of the 67 

inclined glass plate when meniscus is present. Due to the curvature 68 

of the meniscus behaving like a lens, the background pattern appears 69 

displaced between the two images. The apparent displacement field 70 

between the two images is determined by digital cross correlation11. 71 

Based on the geometric optics ray tracing approach, the dot pattern 72 

displacement at any point can be related to the meniscus gradient 73 

which can be numerically integrated to obtain the meniscus profile8. 74 

The experimentally determined meniscus profile is then fitted to the 75 

theoretical equation of the meniscus over an inclined plate, which 76 

yields surface tension and contact angle as fit parameters. Moreover, 77 

using the same procedure we can also obtain the value of the 78 

refractive index of liquid. At locations far away from the contact line, 79 
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surface tension induced deformation is negligible and the 80 

displacement of the background pattern is purely due to refraction at 81 

the inclined plate/liquid and liquid/air interfaces. We utilize this 82 

information to estimate the refractive index of the liquid. Thus, 83 

experimental setup shown in Fig. 1 can not only be used to measure 84 

the meniscus profile but it can also be used for simultaneous 85 

tensiometry and refractometry of liquids. 86 

 87 

Fig. 1 Experimental setup consists of an imaging camera, a liquid 88 

vessel, a flat plate, a background pattern and the broadband 89 

illumination. (a) Imaging of background pattern through meniscus 90 

and (b) imaging of background pattern through planar surface. As 91 

part of the experimental procedure, the background pattern is imaged 92 

through the planar and deformed interface. Displacement of the 93 

pattern between two images is related to surface gradient to obtain 94 

the meniscus profile. 95 

The following sections begin with a description of the underlying 96 

optics and the calculations involved.  We show that the displacement 97 

field is directly proportional to the surface gradient of the meniscus 98 

as long as a correction factor for the inclined glass plate is included. 99 

Next the details of the theoretical model of the meniscus in contact 100 

with an inclined plate are presented. Then the fit parameters for 101 

surface tension and contact angle are extracted by comparing the 102 

measured meniscus profile with the mathematical model for the 103 

meniscus. Finally, to conclude, a comparison of the experimental 104 

measurements with literature data and pendant drop technique is 105 

provided. 106 

In order to determine the relationship between the dot pattern 107 

displacement field and the surface gradient, first we have to look at 108 

the case of a planar liquid surface as depicted in Fig. 2. We consider 109 

the case where random dot pattern is located at 0z =  and the 110 

camera, C is located at a height H from the pattern. ph  is the height 111 

of the liquid surface, n  is the refractive index of gas while n′  is the 112 

refractive index of liquid. Rays emanating from point M on the 113 

pattern will undergo refraction at the free surface and appear to come 114 

from point M′ on the pattern plane.  The incidence plane COP is 115 

defined by refracted ray CI and the normal unit vector n̂ . It is 116 

perpendicular to the 0z =  plane. As a result, apparent displacement 117 

MM′ takes place in the radial direction r̂ . Looking at triangles ∆ 118 

IKM′ and ∆ IKM and assuming that the camera to pattern distance H 119 

is large enough that paraxial approximation is reasonable, we get 120 

 MM' = KM' KM−−−−   (1) 121 

 ( ) ( )ˆ ˆ ˆtan tan 1p p p

i
h i i h i i h i

i

′ ′ ′= − − = − 
 

MM' r = r r   (2) 122 

By applying the Snell-Descartes law at the point of incidence I, 123 

subject to the paraxial approximation, we get 124 

 
n i

n i

′
=
′

  (3) 125 

Replacing /i i′ in Equation 2, we get 126 

 ˆ
ph iα=MM' r , where 1 /n nα ′= −  (4) 127 

 128 

Fig. 2 Refraction optics at the plane liquid/air interface. A point M 129 

on the background pattern appears to be located at M′. The Blue line 130 

indicates a ray from point M to camera C and I is the point of 131 

intersection of the ray with the interface. L and W denote the length 132 

and the breadth of the field of view while n̂  is the surface normal 133 

unit vector at point I. 134 

Next we consider the case of inclined glass plate with meniscus, as 135 

depicted in Fig. 3 which shows ray geometry in the plane of 136 

incidence. The primary objective of the technique is to measure δr , 137 

which is the optical displacement of the point M′ to M′′ due to 138 

refraction at the liquid/glass interfaces and the liquid/air interface 139 

(Fig. 4). We assume that the height variation of the meniscus is very 140 

small as compared to the pattern to surface distance ph . We also 141 

assume a small slope approximation, which means that the surface 142 

slope θ  is very small. In our experimental configuration we have a 143 

flat plate immersed in the liquid which increases the displacement of 144 

the point M to Mo. The displacement MMo must be accounted to 145 

measure the surface gradient accurately. We have developed an 146 

analytical expression for magnitude of MMo (see Supporting 147 

Information for derivation), 148 

 149 
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 150 

Fig. 3 Geometric ray tracing optics at the liquid/air interface and 151 

liquid/glass interfaces showing a point on the speckled pattern, M 152 

and its corresponding displacement Mo and M′′. 153 

 ( )oMM
l

sin
cos

β φ
φ

= − , where 
-1sin

g

n sin

n

β
φ

 ′
=   

 
  (5) 154 

In the above expression, l is the thickness of the flat plate in the 155 

incidence plane, gn  is the refractive index of glass and β is the angle 156 

of the inclination of the plate. In order to understand relationship 157 

between surface gradient and displacement field, we now focus our 158 

attention to the refraction at the meniscus.  Let the surface be 159 

represented by ( , )z h x y=  whose normal, n̂  is given by,  160 

 

( )2

ˆ
ˆ

1

h

h

−
=

+

z
n

∇∇∇∇

∇∇∇∇
  (6) 161 

Here, h∇∇∇∇  is the gradient of the meniscus. Assuming the weak slope 162 

approximation ( 1h �∇∇∇∇ ) we get,  163 

 ˆˆh= −z n∇∇∇∇   (7) 164 

Next, we define ŝ  as the unit vector along which displacement from 165 

M to M′′ takes place. It is lying on the incidence plane CAM′′ (Fig. 166 

4). In terms of variables defined in Fig. 3 and Fig. 4 this can be 167 

written as 168 

 ˆ =
′′

′′

o

o

M M

M M
s   (8) 169 

Using the weak slope and paraxial approximations, we can show that 170 

(see Supporting Information for derivation) 171 

 ˆ ˆi
′′
′′

CM

CM
n = s−−−−   (9) 172 

It is worthwhile to note that, ′′ ′′= +CM CO OM  and H′′ ≈CM , the 173 

distance of the camera from the pattern. Combining eqn (7) and eqn 174 

(9) together, we get an expression for h∇∇∇∇   175 

 176 

Fig. 4: Three-dimensional ray geometry for a deformed interface. 177 

The incidence plane CAM′′ is defined by the object point M, the 178 

camera C, and the unit normal vector n̂   at point I. This plane is not 179 

vertical in general. 180 

 ˆ ˆˆh i + i
H H

′′ ′′+ = − = − 
 

CO OM OM
z s s∇∇∇∇   (10) 181 

Considering ∆ IKM and ∆ IKM′′ in the incidence plane as shown 182 

in Fig. 3, it can be proved that (see Supporting Information for 183 

derivation), 184 

 ˆ
ph iα′′ ′′= =o o

M M KM - KM s   (11) 185 

Equation 11 transforms eqn (10) to 186 

 
p p

h i
H h i H hα α
′′ ′′ ′′ ′′

= − = −
o o

OM M M OM M M
∇∇∇∇   (12) 187 

We know that ′′MM is equal to ′ +MM δδδδr , which leads to 188 

 ′′ ′′ ′= = + Oo oM M MM - MM MM MMrδδδδ −−−−   (13) 189 

 ′′ ′= +OM OM δδδδr   (14) 190 

 
p

h
H hα
′ ′+ + −

= −
OOM MM MMr rδ δδ δδ δδ δ

∇∇∇∇   (15) 191 

From eqn (4) and Fig. 2, it can be proved that 192 

 
p

i
H hα
′ ′
= =

OM MM
  (16) 193 

Combining eqn (15) and eqn (16), we get 194 

 
p

h
H hα

−
= −

OMMr rδ δδ δδ δδ δ
∇∇∇∇   (17) 195 

H

δδδδr
 is negligible in comparison to 

phα
− OMMrδδδδ

 as  pH hα>>  196 

M′′′′′′′′M MoO K

C

Meniscus at the interface

θθθθ

i
I

Liquid

Air

n̂

ŝ

H

hp

ββββ

i′′′′
i′′′′−−−− θθθθ

ββββ
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p

h =
hα

−
−

OMMrδδδδ
∇∇∇∇   (18) 197 

Equation (18) shows that the surface gradient is proportional to 198 

displacement field as long as displacement 
oMM  from inclined 199 

plate is taken in to consideration. We have already derived an 200 

expression for magnitude of 
oMM  in the form of eqn (5). 201 

To obtain a theoretical expression for the meniscus, the Young-202 

Laplace equation is solved in Cartesian coordinates (see Supporting 203 

Information for derivation). The expression for the meniscus height (204 

h ) as a function of the distance ( x ) is given by 205 

 /
( ) cx l

c

h
tan e

l
α −=   (19) 206 

In this expression, cl (= gσ / ρ ) is the capillary length and 207 

cθα β −= , where cθ  is the contact angle. σ  and ρ  are surface 208 

tension and density of liquid, respectively and g is the acceleration 209 

due to gravity. 210 

 211 

Fig. 5 (a) image of the background pattern with plane dodecane 212 

surface, (b) image of the background pattern with meniscus, (c) 213 

computed displacement field, and (d) displacement magnitude 214 

M M′ ′′  as a function of distance from the inclined plate. 215 

In order to validate the technique, a dodecane-air system was chosen 216 

for the experiments. Images were recorded using a Nikon DS-fi1 217 

camera equipped with a 40 mm Micro-Nikkor lens. We utilized a 218 

glass diffuser as an inexpensive random dot background pattern. A 219 

0.15 mm thick and 50× 75 mm2 glass plate mounted on a rotation 220 

platform stage was used as the inclined flat plate. Fig. 5(a) and 5(b) 221 

show images of the background pattern through the plane dodecane 222 

surface (Configuration A) and through the inclined plate and 223 

meniscus (Configuration B), respectively. The displacement of the 224 

dot pattern between the two images can be manually observed. In 225 

this work we have used commercial PIV package DaVis 7.2® for the 226 

computation of the displacement field11 (see Supporting Information 227 

for discussion on PIV evaluation parameters). Fig. 5(c) shows the 228 

computed displacement field. Angle of the inclined plate was set to 229 

13.55˚. In Fig. 5b, meniscus starts at y = 0 line. A small region near 230 

the inclined plate could not be imaged due to high surface gradient. 231 

This region can be identified by lower intensity values near origin in 232 

Fig. 5(b). During the displacement field evaluation, we masked out 233 

this region. The lack of data in the starting part of meniscus does not 234 

affect results of surface tension or contact angle as the rest of the 235 

meniscus profile is available for fitting. Fig. 5(d) shows a plot of the 236 

displacement δδδδr  as a function of the distance from the inclined 237 

plate. As shown in eqn (18), the displacement is higher in the region 238 

of high surface gradient near the inclined plate and it decays to a 239 

finite constant value of 0.11 pixel. This final constant displacement 240 

value is due to the inclined plate alone. It can be recognized as 241 

oMM and theoretically estimated to be 0.11 pixel by eqn (5). Both 242 

the experimental and theoretical values of 
oMM  are same which 243 

validates our analysis. Since we can experimentally measure 
oMM , 244 

we can rather use eqn (5) for determining the refractive index of the 245 

liquid. Therefore, this setup acts both as a refractometer and a 246 

tensiometer. It is imperative to note that the displacement produced 247 

by 0.15 mm thick glass plate is very small. Therefore, we performed 248 

separate experiments with a 0.98 mm thick glass plate inserted at 249 

steeper angles for refractive index estimation. For estimating 250 

dodecane refractive index, a glass plate was inserted at an angle of 251 

20.30˚. It produces an experimental displacement of 1.11±0.02 pixel 252 

which can be easily measured with high accuracy. After performing 253 

pixel to mm conversion, this value was substituted in eqn (5) for 254 

determining the liquid refractive index. Following this scheme, 255 

refractive index of dodecane was ascertained to be 1.421±0.002 256 

which is very close to the reported value of 1.422 in literature12. The 257 

accuracy of the refractive index results can be further improved by 258 

using even a thicker glass plate and by increasing the angle of the 259 

inclined plate. 260 

 261 

Fig. 6: Three-dimensional (3D) profile of dodecane meniscus on an 262 

inclined plate. 263 

For estimating surface tension, 
oMM (0.11 pixel) was subtracted 264 

from the original displacement profile. Equation (18) was 265 

numerically integrated to obtain the 3D profile of the meniscus as 266 

shown in Fig. 6. Figure 7 shows the two-dimensional profile of the 267 

dodecane meniscus. The experimentally determined meniscus profile 268 

was fitted with eqn (19) to determine the surface tension and contact 269 

angle. This experiment was repeated 10 times. The surface tension of 270 

dodecane was evaluated to be 25.2±0.4 mN/m which is very close to 271 

the value of 25.3 mN/m reported in literature 13. The contact angle 272 

was estimated to be 1.73±0.20˚ which is very close to the value of 273 

1.75±0.06˚ measured by the goniometer. In order to further validate 274 

the method, experiments were performed with electronic grade 275 

acetone, isopropyl alcohol, and water. Each experiment was repeated 276 

ten times. Results are shown in Table 1. It can be clearly observed 277 

that the measured values of surface tension and refractive index 278 

match the data reported in literature279 

280 

281 
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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 25.2±0.4 25.8±2.6 25.313 1.421±0.002 1.42212 

Acetone 23.3±1.3 23.0±3.3 23.212 1.356±0.001 1.35812 

Isopropyl Alcohol 22.4±0.5 22.2 ±0.7 21.714 1.374±0.004 1.37812 

Water 71.6±0.8 71.1±0.6 72.814 1.334±0.001 1.33312 

 282 

 283 

Fig. 7: Experimentally measured meniscus profile and fitted curve. 284 

In summary, Schlieren imaging provides an effective platform for 285 

measuring surface tension induced liquid surface deformations. We 286 

use ray tracing to show that displacement of the background pattern 287 

due to meniscus curvature is directly proportional to surface gradient 288 

as long as a correction factor for inclined glass plate is taken into 289 

account.  In order to validate the technique, we measure meniscus 290 

profile over an inclined flat plate for different test liquids, which are 291 

then compared with the theoretical expression to extract surface 292 

tension and contact angle as fit parameters. The experimentally 293 

determined surface tension values were found to be in close 294 

agreement with the results obtained from pendant drop technique and 295 

the data found in literature. It leads to two key conclusions, 1) 296 

surface tension induced meniscus can be reliably measured by 297 

Schlieren imaging, and 2) the proposed experimental platform can be 298 

used for estimation of surface tension and liquid refractive index. 299 

Schlieren imaging could be a valuable alternative to sessile drop or 300 

pendant drop methods that are difficult to use for inhomogeneous 301 

substrates and low surface tension liquids, respectively.  302 

Even though meniscus for inclined plate case is translationally 303 

symmetric, the experimental method does not make that assumption 304 

and measures the surface profile over the full contact line in the field 305 

of view. This can also be understood from Equation 18,  306 

ˆ ˆ( ) ( ) ) / ph / x i + h / y j = hα∂ ∂ ∂ ∂ −( − OMMδδδδr . An arbitrary surface 307 

such as a meniscus between two self-assembling particles would 308 

produce comparable background displacement in both the x and y 309 

directions. Also, in such cases, a glass plate may not be present 310 

between the background pattern and the meniscus. As a result, 311 

OMM can be set to zero. In that sense, Equation 18 presents a more 312 

general solution. In future, experimental measurement of surface 313 

profile of meniscus can provide insights in the study of various 314 

interfacial phenomena15,16. 315 

 316 
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