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One of the most essential characteristics of the liquid interface is the topography dominated by hydrodynamics or
capillary effects. Although there have developed 3D imaging techniques for the measurement of such topography,
their setups, operations and reconstructions are relatively complex and suffer from low efficiency. Here we report
a bilayer color digital image correlation (BC-DIC) method for the measurement of the topography of a liquid
interface. The basic principle of the new method is the refraction of beneath bilayer color speckle patterns at the
liquid interface, which makes it possible to perform 3D reconstruction through 2D measurement of the virtual
displacement field of the speckle patterns. The equations for BC-DIC in different situations are deduced and
discussed in detailed. Validation experiments are carried out to reconstruct the topography of triangular prism,
planoconvex, complex transparent surface and sloshing water surface. The results show that BC-DIC is feasible and
accurate for measuring the topography of transparent objects, including liquid interface. This new method paves
the way for investigating surface and interface phenomena, such as capillarity and wetting issues, hydrodynamics

on liquid interface, etc.

1. Introduction

The measurement of liquid interfaces topography is of great signif-
icance in the research of surface and interfacial phenomena, such as
liquid sloshing dynamics [1-4], hydrodynamics of water-walking in-
sects [5-9], and capillarity and wetting issues [10-15], etc. For trans-
parent liquids, it is generally difficult to measure their topographies due
to strong transmittance, easy rheology and high reflection at interfaces
[16]. Most of the traditional optical methods based on surface diffuse
reflection are not applicable.

Currently, there are mainly two types of methods for measuring the
topography of transparent liquids, namely, the specular reflection meth-
ods and the transmission methods. The first type is based on the specular
reflection at the liquid interface, and typically represented by the fringe
reflectometry [17, 18]. This kind of methods were first used for the mea-
surement of solid objects with mirror surfaces, and has also been used
to measure the deformation of liquid interfaces in recent years [18-20].
The specular reflection methods are very sensitive to the curvature of
the measured interfaces. Therefore, when the slope of the liquid inter-
faces is too large, the reflected light may deviate from the camera’s field
of view, resulting in a dark field in the captured images, which cannot
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be used to measure the topography of liquid interfaces with large cur-
vature. The second type of methods, i.e., the transmission methods, is
mainly by placing a texture pattern on the bottom of the liquids, and set-
ting a camera above the liquid interface to capture the texture images
before and after the interface is deformed. The topography can be recon-
structed through analyzing the distortion fields of the captured images.
In this regard, many works have carried out [21-27]. For example, un-
der the assumption of small deformation and paraxial, Mosiy et al. pro-
posed free-surface synthetic Schlieren (FS-SS) method based on digital
image correlation (DIC) [27]. They have really carried out a series pio-
neering studies in developing FS-SS for the measurement of free-surface
of the topography of liquid surfaces [27-29]. Despite the elegant idea
of the FS-SS, it suffers some drawbacks. In addition to meeting the as-
sumption of single refraction and near optical axis, the FS-SS method is
only suitable for liquid interface measurement with small deformation
(the maximum deformation is no more than 2% of the liquid depth) be-
cause of is approximation of small angles at the refraction angle and
incident angle of the optical path [27]. This is not applicable to the ob-
jects with large slope of interface. Earlier work of this kind of technique
may traced back to Fouras et al. [26, 30]. Liu et al. [21, 31] obtained
the initial value of the differential equation of the liquid interface height
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by increasing the initial depth of the liquid. The reconstruction speed of
this kind of methods is slow, because it requires a tedious mathematical
retrieval process.

Kolaas et al. [32] proposed bichromatic synthetic schlieren (BiCSS)
for surface measurements, which mainly uses the refractive index differ-
ence between blue and near-infrared light to further improve the slope
measurement range of the FS-SS method. The principle is the same as
that of FS-SS [27], which adopts the paraxial hypothesis of light path
with small liquid interface deformation. The difference is that BiCSS
method uses two CCD cameras to separate the two colors of light. The
topography of the liquid interfaces needs further calculation, because
the direct solution is the slope of the liquid surface [32]. Moreover,
their studies mainly focused on obtaining virtual image displacement
difference of different colors on the same plane. Stereo method need at
least two cameras to implement the measurement of topography [33-
36]. When the deformation of liquid interface is fast, the correspondence
and simultaneous triggering of multi-camera image acquisition is a prob-
lem. Moreover, in order to enhance the reflection effect, the reflection
method usually needs to use some additive to enhance the liquid inter-
face reflection.

In this paper, we propose a bilayer color DIC (BC-DIC) method for
measuring the topography of liquid interfaces, which overcomes the
shortcomings of the iterative process and the assumption of small defor-
mation of liquid interfaces in the transmission methods. We shall present
the principle of the method and derive the theoretical formulas in §2.
The new method is validated and evaluated by a series of topography
measurements of transparent objects, as well as applied to the dynamic
deformation measurement of the liquid interface in §3 and §4. Finally,
we give a brief conclusion of the BC-DIC method.

2. Methodology
2.1. Principle

A common scenario in life is when we observe the liquid in the con-
tainer from the top—here we assume that there is a solid object in the
liquid of at the bottom—if the liquid is shaking or tilting which causes
the liquid interface to deviate from its original position, what we see the
object (virtual image) will be correspondingly distorted with the topog-
raphy of the liquid interface due to the refraction. It can also be observed
directly that there is a positive correlation between the distortion of the
observed object and the topography of the liquid interface. This is not
difficult to understand: When the topography of the liquid interface fluc-
tuates, it is similar to placing an array of convex or concave lenses above
the object, which distorts the observed image of the object. If the above
object is a two-dimensional speckle pattern and placed on the bottom of
the liquid, the observed pattern from the top will be deformed according
to the topography of the liquid interface. This is the basic principle of
the Transmission-Speckle Correlation (TSC) method [6, 21] and Fringe
Transmission Technique (FTT) [2, 22-25] proposed by Liu et al., and
FS-SS method by Moisy et al. [27]. This type of methods needs to know
at least one row of liquid height as the initial value of the iterative cal-
culation (usually the edge of the field of view). Moreover, the iterative
calculation involves complex and nonlinear computing. And errors will
be accumulated and transferred to the subsequent calculations [23].

Can the above principle and calculations be further optimized, that
is, the topography of the liquid interface can be easily reconstructed
without iterative calculating and initial values? The answer is yes. In
this paper, we report a BC-DIC method, which settles the shortcomings
of the iteration and the assumption of small deformation, to greatly sim-
plify the reconstruction of the liquid interface. The schematic diagram
of the BC-DIC is shown in Fig. 1. First, two transparent films are printed
with blue and red speckles respectively. And they are glued onto the
upper-layer and bottom-layer of a transparent flat glass. Then the glass
with bilayer color speckle patterns is placed under the liquid, as depicted
in Fig. 1(a). When viewed from the top of the liquid interface, a coupled
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blue-red virtual image of the color speckle patterns can be seen. The rea-
son why red and blue colors are selected is that their contrast is strong
enough, so it is convenient to decouple the color patterns. As shown in
Fig. 1(b), a cross section PP’ is taken to analyze the optical path used to
measure the topography of the liquid interface. For a certain light emit-
ted from point N on the liquid interface, it first passes through point D
on the bottom surface of the glass and then point C on the upper surface.
After being refracted multiple times on the glass surfaces at points B and
A, it emerges from the upper liquid interface and is finally collected by a
light receiver on the top of the interface (e.g., a CCD camera). From the
perspective of the receiver, the virtual images of C and D are at the right
above of their own positions if the liquid interface is horizontal. When
the liquid interface is deformed and forms a changing topography, it can
be seen that due to the rise and fall of the liquid interface, the virtual
images of point C and D move to the line ND’ caused by refraction, re-
sulting in virtual displacements S; and S, contained in the color speckle
patterns. It is obvious that the distance from horizontal and the slope at
point N are correlated with S; and S,, indicating the topography may be
measured by analyzing virtual displacements of color speckle patterns.
In order to reveal the relation between the topography h of the liquid
interface (i.e., the distance from the bottom to the upper interface of the
liquid) and virtual displacements S, S,, we first consider the relation
between the incident and refraction angles given by the Snell’s law:

ny siny=n, sin f, = n, sina, = ny sin fi3 )]

where n;, ny, ng are the refractive indexes of the liquid, glass and air,
respectively. a4, f3, f5, v are incident angles of DC, CB, BA and AN.
Eq. (1) gives:

f; = arcsin = sina
{ T )
y = arcsin - sin ay
As shown in Fig. 1(b), the right triangle gives:
S, -8
tana, = 22 0t 3)
d

where d; is the thickness of the flat glass with color speckle patterns
(d; - |CDD.

Similarly, in the right triangle the height between the interface and
the bottom of the liquid h is expressed as:

L
== C)]
tany
where L is the distance from the intersection of the incident point A to
the vertical line of point N (i.e., |AA’| in Fig. 1(b)), which is given by:

L=S| —d, tan f, — d;tan fi; 5)

where d, is the thickness of the bottom glass of the tank (d, — |A’B’|; dg
is the distance between the color speckle glass and the bottom glass of
the tank (d; _ |[B’C’|).

In the actual reconstruction of the topography of the liquid interface
h, there are three measurement schemes according to the relative posi-
tions of the bottom of the liquid and the speckle patterned glass. Their
equations for the reconstruction are slightly different and are respec-
tively derived as follows.

(1) In the most general case, there is airgap between the upper-layer
speckle pattern and the liquid tank. Equations (1~5) lead to:

S| —dsytana, —d,tan fis
tany

h= ©)

As shown in Fig. 1(b), the greater the airgap distance, the greater the
virtual image displacement S; and S, of the upper and bottom speckle
patterns. It does not affect the size of each incident angle and refraction
angle. However, when the air gap is too large, the excessive displace-
ment will lead to the decorrelation of speckle, and even further make
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Fig. 1. A schematic diagram of the BC-DIC method. (a) Light path in a space coordinate system. The color speckle patterns are tightly attached to flat glass located
under the liquid, and an airgap with a depth of d; may exist between the liquid and upper-layer spackle pattern; (b) An arbitrary cross section PP’ in (a). Nomenclature:
Point B and A are located on the surfaces of the upper flat glass. The angles that DC, CB, BA and AN form with the vertical line are a,, f5, f, and y, respectively
(marked in (b)). f= a;+ y; |CD’| = dy, |AB’| = d,, |B'C’| = ds, |AA/| =L, |CC'| = S;, [DD’| = S,.

a single speckle into two virtual images. Therefore, for the liquid inter-
face with small depth and deformation to be measured, the virtual image
displacement is also small. In this case a larger air gap can be used to
increase the virtual image displacement to make the displacement mea-
surement more accurate. On the contrary, when the liquid depth is large
and the deformation is large, a smaller airgap should be used to avoid
the decorrelation of speckle virtual image.

(2) The speckle patterned glass is immersed in the liquid. In this case,
d, = d3 = 0, and Eq. (6) is simplified as:
— Sl

h= )
tany

(3) The speckle patterned glass is next to the lower surface of the liquid
tank, which means that d; = 0. Therefore Eq. (6) is simplified as:
S| —dytana,

h= ———— ®)
tany

Equations (6~8) show that the 2D measurement of the virtual dis-
placements S; and S, can achieve the 3D reconstruction of the topogra-
phy of the liquid interface h.

2.2. Measurement of virtual displacements

As described in the above subsection, during the measurement of lig-
uid interface, the CCD camera on the top of the liquid interface captures
the image of bilayer color speckle patterns. The captured image is cou-
pled by blue and red speckles, which contains virtual displacements S;
and S,, respectively, as shown in Figs. 2(a~c). It needs to be decoupled
before the calculation of virtual displacements.

As shown in Fig. 2(c), any pixel position in the speckle pattern has a
corresponding RGB value. When decoupling red and blue pixels, follow
the principles: (1) When the R value of a certain location is close to the G
value and the B value is much greater than the R value, it indicates that
there is a blue point at the location; (2) When the B value of a certain
location is close to the G value, and the R value is much greater than
the B value, a red point appears at that position; (3) When the above
two situation are not true, it is a white point. The specific operation is
to create two blank images of equal size, and mark them as ImageB and
ImageR. And estimate any pixel position (x, y) by:

{IB(x,y) — R(x,y)| > D,

9
G(x.y) — Rx.y)| < D, -

where D; is set according to the RGB field in Fig. 2(c).

And similarly:

{|B(x,y) = R(x,y)| > D, (10)

|G(x,y) — B(x,y)| < D,

where D, is set according to the RGB field in Fig. 2(c).

When Inequation (9) is true, copy the RGB value at position (x, y) in
Fig. 2(c) to position (x, y) of the ImageB. When Inequation (10) holds,
copy the RGB value at position (x, y) in Fig. 2(c) to the position (x, y)
of ImageR, and fill the rest with white. Finally, the initial blue speckle
pattern and the initial red speckle pattern are obtained, which are served
as reference patterns for the calculation of S; and S,.

For the color speckle patterns of deformed liquid interface, the blue
and red speckles may overlap when the gap between them is small
and the virtual image displacement difference is relatively large. The
overlapping area belongs to both the blue and red speckle patterns, so
it will be decoupled into the two color speckle patterns at the same
time. After that, the color speckle patterns is converted into grayscale
for subsequent DIC calculation with reference patterns, respectively. Af-
ter performing the same processing on all the captured images, the de-
formed blue and red speckle patterns can be also obtained, as shown
in Figs. 2(d~f). All the decoupled color speckle patterns are converted
into gray or binarized images using MATLAB. And then, DIC [37-43] is
applied to calculate S; and S, by the reference and deformed patterns.
Finally, the topography of the liquid interface can be reconstructed by
combining Equations (6~8).

2.3. Reconstruction near crests and troughs

At the crest and trough and their adjacent areas of the liquid inter-
face, the slopes are close to 0. Through light path analysis the virtual
displacements of color speckle patterns trends to 0, i.e., S; & Sy ~ 0. As
a result, the denominator of the fraction on the right side of Equations
(6~8) trends to 0, resulting a mathematical singularity. In this case, we
adopt the following schemes for measuring the topography of the liquid
interface h near crest and trough.

As shown in Fig. 1(b), the Snell’s law gives:

ny sina; = ny sin f (11)

where «a;, f; are the incident and refraction angles at the liquid inter-
face, respectively.
And the geometrical relation at point N gives:

oh _
Pl tan g 12)
Br=ai+y
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Fig. 2. Measurement of virtual displacements S; and S, using color speckle patterns. (a, b) Blue and red speckle patterns for measuring S; and S,, respectively. (c, d)
Coupled color speckle pattens when viewed from the top of the interface; (c) is the reference pattern of an initial interface; (d) is the deformed pattern of a deformed
interface. (e, f) The decoupled color speckle patterns, serving as the deformed pattern for the displacement measurements. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.).

where the slope of the liquid interface % can be determined by com-
bining Egs. (1, 3, 11, 12), and can be simplified under the first-order

Taylor expansion:

on _ (S=S))m

o 13
ox  (n —n3)d, =

It can be seen that the topography reconstruction near crests and
troughs can be obtained by integrating Eq. (13):

h:/wdx

14
(”1 —"3)d1 o

Q
where Q is the crest and trough and their adjacent areas, and is defined
by:

5 -5

Q>
dy

s)

In actual calculation, we first measure and calculate S; and S, using
DIC, and then select an appropriate threshold Q by Eq. (15) according
to the measurement accuracy of displacements.

2.4. Sensitivity analysis

The sensitivity determines how small the topography, or the slope
of the liquid interface can be measured by the BC-DIC. It can be seen
from Eq. (13) that the sensitivity of the liquid interface slope is directly
related to the sensitivity of the virtual displacement, which yields by:
r, = M T (16)

(”1 - "3)d 1
where r; is the sensitivity of the virtual displacement measured by DIC
(normally 0.1 pixel).

3. Experimental
3.1. Fabrication of color speckle patterned glass

In the practice of BC-DIC, it is necessary to fabricate a bilayer color
speckle glass, of which the most critical step is to design blue and red
speckle pattens and print them on very thin films. The blue and red
speckle patterns were designed as follows: (1) Generate a random black-
white speckle pattern of 1000 x 1000 pixel? using MATLAB; (2) Record
positions of black and white speckles, respectively; (3) Turn black speck-
les into blue, and white into red, as shown in Fig. 3(a); (4) For the lo-
cation where red and blue speckles are connected, change it and its
neighborhood to white. In this way a blue-red-white speckle pattern is
obtained, as shown in Fig. 3(b); (5) The blue and red speckles are ex-
tracted separately from the blue-red-white speckle pattern. Thus we ob-
tain the blue-transparent and red-transparent speckle patterns (Figs. 3(c,
d)). Finally, the two-color speckle pattens were printed on two trans-
parent PET films, and then were tightly attached to the flat transparent
glass (2 mm in thickness) using an ordinary adhesive tape, which the
blue speckle film was on the upper surface and the red on the bottom,
as shown in Figs. 3(e, f). The thickness of the PET films and their dis-
tance to the glass surface is very small compared with that of flat glass
and is negligible.

3.2. Experimental setup

Fig. 4 shows the experimental setup for the measurement of the to-
pography of a liquid interface using BC-DIC, which was arranged as fol-
lows: the fabricated color speckle glass was placed on the hollow support
frame with an LED panel (300 x 300 mm?, 24 W) underneath. The blue
speckle pattern was upon the red one in the experiments. A color CCD
camera (Fastec, IL5-3E2, medium speed) assembled with a lens (Nikon,
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Fig. 3. Procession of fabricating bilayer-color speckle patterns. (a) 1000 x 1000 pixel? color speckle patterns. (b) Generating white gaps. (c) The blue speckle patterns
and (d) red speckle patterns. (e) Blue speckle PET film and red speckle PET film tightly attached to the glass. (f) Image from a phone camera. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 4. Experimental setup of BC-DIC for the measurement of topography of
transparent objects: 1, triangular prism (TP); 2, planoconvex lens (PL); 3, com-
plex transparent surface (CTS); 4, sloshing water surface (SWS).

AF 50mmf/1.8D) was installed directly above the frame. It was adjusted
to focus on the bilayer color speckle patterns.

In this paper, we designed four validation experiments to test the
feasibility and performance of BC-DIC, i.e., measuring the topographies
of the triangular prism (TP), planoconvex lens (PL), complex transparent
surface (CTS), and the sloshing water surface (SWS), respectively, as
shown in the left of Fig. 4. The parameters for the experiment and the
reconstruction are listed in Table 1. The procedures for the experiments
were:

Table 1
The parameters for the experiment and reconstruction.
d dy i m ny 3
TP PL CTS SWS
2 mm 5 mm 0 1.516 1.516 1.520 1.333 1.520 1

(1) Adjust the lens to observe the speckle patterns clear and collect a
reference image;

(2) Put the test object on the color speckle pattern where under the lens;

(3) Collect the virtual image(s) of the test object. The frame rate was set
as 500 fps when measuring the sloshing water surface. The sloshing
was achieved by blowing the water surface with a balloon.

4. Results and discussion
4.1. Decoupling of color speckle patterns

The captured color speckle patterns of the test objects are shown in
the left column of Fig. 5. It can be seen that the patterns are coupled with
white, blue, red, and blue-red overlap speckles. The overlapping speck-
les were formed by the incoordination distortion of the bilayer color
speckles, which belongs to both the blue and red speckle patterns. The
reference and captured color speckle patterns were decoupled by the
method presented in §2.2, as shown in the middle and right columns of
Fig. 5. After that, the rgb2gray function of MATLAB was used to obtain
the corresponding speckle patterns of grayscale. The region of inter-
est (ROI) was selected for the following DIC calculations, as shown in
Fig. 5. Considering that the change curvature of the measured objects
is not large, so the size of the subset was 41 x 41 pixel?, and the mea-
surement step was set to 1 pixel. In another case for a more distorted
geometry/interface of the measured objects, the change of curvature
may change greatly, which means that the spatial change rate of dis-
placement is large. Theoretically, finer speckles can better describe this



Y. Huang, X. Huang, M. Zhong et al.

Optics and Lasers in Engineering 160 (2023) 107242

Fig. 5. Captured and decoupled speckle pat-
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change rate. When there are many overlapping areas in the color speckle
pattern, the color of the overlapping area will be close to “black”. It is
because the blue speckles will filter most of other colors, and so does
the red speckles. In this case, the “black” speckles are separated fist
with a certain threshold, and then combine them with the decoupled
blue or red speckles respectively to achieve the decoupled color speckle
patterns. Then, the combined patterns are processed into grayscale or
turned into binarization for the subsequent DIC calculation.

4.2. Virtual displacement fields

Fig. 6 shows the calculated virtual displacement fields of the test ob-
jects using DIC. The first and third columns are S; and S,, respectively.
The second and fourth columns are their coefficient of alienament. The
smaller the coefficient of alienament, the more relevant the reference
pattern and the deformed pattern. As shown in Fig. 6, all the coefficient
of alienament are very small, indicating that the calculated virtual dis-
placement fields are highly reliable for the 3D reconstruction of the test
objects.

4.3. 3D reconstruction of topography

As we obtained the virtual displacement fields S; and S,, the to-
pographies of the test objects can be reconstructed according to Equa-
tions (6~8). More specifically, the topographies of triangular prism,
planoconvex lens and complex transparent surface were reconstructed
by Eq. (7). It should be noted that the reconstruction near crests and
troughs was achieved by the scheme introduced in §2.3. Fig. 7 shows
the reconstructed topographies of the test objects. It can be seen that

all the topographies are very smooth and conform to the actual ones in
appearance.

The topographies of the sloshing water surface at different moments
were reconstrued by Eq. (8) due to the presence of the bottom glass of
the water tank between the color speckle patterns and the liquid. Simi-
larly, the reconstruction of the liquid interface near crests and troughs
was achieved by the scheme introduced in §2.3. Fig. 8 is the recon-
structed topographies of the water surface at different moments, which
shows the process of a swaying water wave propagating and attenuating
from front to back.

4.4. Error estimation

After the topography of the test objects were measured using BC-DIC,
it was compared with the real topography of the objects to estimate the
measurement error of the method. In this paper, we calculated the mea-
surement error of the triangular prism and planoconvex lens, as shown
in Fig. 9. It can be seen in Figs. 9(a, d) that the measured heights are
consistent with the corresponding real height. Figs. 9(b, e) were plotted
by taking some cross-sections for observation, which also show that the
measured values almost all fall on the curves of the real heights. We also
calculated the error fields in Figs. 9(c, f), showing that the relative error
is within 2.09% for the measurement of triangular prism and 4.79% for
the planoconvex lens. This indicates that the developed BC-DIC is fea-
sible for the measurement of the topography of transparent objects, as
well as the topography of the liquid interface. It should be noted that
when measuring objects with small virtual image displacement, it is nec-
essary to process the image with special precautions, such as Forsey and
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Gungor [44], and Baldi [45] did in their studies, which can improve the
measurement accuracy further.

5. Conclusions

We report a simple but effective BC-DIC method for the measurement
of the topography of the liquid interface. The principle and the theory
of the method, that is, how to reconstruct the topography by correlat-
ing the interface height and the virtual distortion of the beneath bilayer
color speckle patterns, were detailed discussed and deduced. Validation

experiments were carried out to measure the topographies of the tri-
angular prism, planoconvex, complex transparent surface, and sloshing
water surface. The results showed that BC-DIC is feasible and the ac-
curacy is good for measuring the topography of the transparent objects,
including the liquid interface. The advantages of the developed methods
include: very simple instrument and operation; convenient calculation
with no need for iteration and initial values; high reconstruction effi-
ciency; feasible to measure topography with large slope and amplitude.
The limit of topography detection in the current study is that since the
spacing between the bilayer speckle patterns cannot be too small (other-
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wise the difference between S; and S, is too small to make the measure-
ment inaccurate), it is necessary to use a lens with a large depth of field.
As practical implications of BC-DIC, it helps to study surface and inter-
face phenomena, such as fuel sloshing, hydrodynamics of water-walking
insects, and surface tension etc.
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