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Abstract
A new piecewise function to determine the thickness profile of transparent thin films, is 
built from a piecewise scaled function of the 1D gray value plot obtained through mon-
ochromatic-light-interferometry. In the gray value piecewise function each subfunction 
contains the information of the physical phenomena related  to fringe pattern formation 
and corresponds to an interferometric branch. The interference phenomenon is studied by 
assuming that the scaled function is the normalized intensity that comes from light interfer-
ence in an infinite thin-layer material inserted between two half-spaces of other two differ-
ent materials. The scaled function is introduced to the model through the relative reflec-
tivity and from this the piecewise thickness function. The scaled gray-values piecewise 
function is in the interval [0,1], which avoids divergences in the reflectivity function and 
reproduce adequately the phase difference in the extrema values, then the thickness profile 
is obtained. The thickness function approach was tested by obtaining the meniscus thick-
ness of a water droplet. We got an adsorbed layer thickness of 21 ± 2.2 nm. In addition, 
we demonstrated numerically that our proposal includes or improves other methods pre-
viously reported. The process was validated by simulation and compared with previous 
works. Finally, the application of our data analysis procedure to obtain dynamic meniscus 
thickness in real time is discussed.
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1 Introduction

Determining the thin film profiles of solid or liquid transparent materials with a maxi-
mal thickness of 1.5 µm goes beyond providing sample dimensions. The thickness profile 
provides valuable data to corroborate theories of molecular interaction forces. It plays an 
important role in the liquid film phase change phenomena, fluid flow spreading velocity, 
and the determination of sample roughness. From the liquid film profile, it was studied the 
interfacial phenomena in the contact line region of a polar fluid (Gokhale et al. 2003, 2004; 
Panchamgam et al. 2005); the capillary pressure and viscous resistance from liquid propa-
gation rates (Xiao et  al. 2010); the dynamic changes in the micro-contact angle, bubble 
root radius and volume of the microlayer, they also investigated the dynamic characteristics 
of the microlayer beneath an ethanol vapor bubble during the nucleation process (Gao et al. 
2013); the microlayer contribution to heat transfer based on the microlayer structure (Utaka 
et al. 2014; Voutsinos and Judd 1975); roughness of several materials (Maniscalco et al. 
2014); etc. These researches have been done with several techniques (v. gr. reflectometry 
(Lu et al. 2014), ellipsometry (McCrackin et al. 1963), or light attenuation (Flournoy et al. 
1972; Utaka et al. 2013; Zhang and Utaka 2010; Zhang et al. 2010, 2009; Liu et al. 2019; 
Nogueira et al. 2005; Li et al. 2006, 2014; Borgetto et al. 2010; Kavehpour et al. 2002). In 
Table 1 (see supplementary material) a summary of the main of them is displayed, high-
lighting their measurement range, and some interesting characteristics of the employed 
method.

From all experimental methodologies, those that offer the greatest resolution are inter-
ferometric ones. Like other techniques, the research focuses on the meniscus thinner 
regions of the drop, this is because, when the thickness variation is more pronounced, 
the multiple reflections cause interference patterns maxima or minima to be lost, then is 
hard to obtain information from them (Deck and Groot 1995). Similar difficulties are pre-
sented when is used the white light interferometry technique to obtain the thickness profile 
(Maniscalco et al. 2014; Flournoy et al. 1972; Liu et al. 2019; Deck and Groot 1995; Kim 
and Kim 1999; Conroy 2009; Hwang et al. 2008; Wyant 2002), because the spacing of the 
interference fringes must be independent of wavelength to have an achromatic interferom-
eter (Wyant 2002).

The fringe pattern interference contains information  on all the physical process 
that occur during the multiple reflections in the drop, these processes produce an intensity 
distribution that always decreases, and the relative extrema distribution is not uniform. In 
principle, from this function it is possible to obtain the drop thickness profile, however, to 
do this, a physical model that considers all the processes in the drop is necessary. Unfortu-
nately, this model does not exist yet, or at least has not been used and reported until now. 
To overcome this handicap, two approaches have been proposed to determine the adsorbed 
layer and the microscale region thickness profiles. In the first one, software (Surface 
Evolver©), based on the study of surfaces shaped by surface tension and other energies, 
is used to shape continuous meniscus profiles (Brakke 1992)., however, the obtained pro-
file is compared just with the thickness calculated from the pixel position in each maxima 
interference position, in consequence, the continuous profile presents discrepancy concern-
ing the value in these positions, being similar to the discrepancy obtained from a fit func-
tion for all the maxima locations (Xiao et al. 2010).

In the other approach, a quasi-linear region of the entire fringe pattern is taken to obtain 
a 1D function in terms of the pixel’s position in grayscale, G(x) , where x is the pixel posi-
tion (Gokhale et al. 2003; Panchamgam et al. 2005; Gokhale et al. 2004; Plawsky et al. 2004; 
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Panchamgam et al. 2006b; Gokhale et al. 2005). This function is the not-calibrated light-inten-
sities function that detects the photodetectors on the CCD camera along one line of pixels, 
which is harmonically damped with its maximum value at the edge of the droplet, and its rela-
tive extrema not distributed homogeneously. A calibration process would give us the function 
in units of energy per unit area per unit time. To describe from first principles, the calibrated 
fringe pattern, and from this have a function that describes the behavior of the experimental 
data, a complete physical model is necessary, which must be consider the droplet profile, the 
intensity attenuation due to optical absorption, the reflections not collected by the camera, etc. 
Unfortunately, to the best of our knowledge, no such as physical model has been proposed. To 
overcome this handicap, without a clear explanation in Gokhale et al. (2003); Panchamgam 
et  al. 2005; Gokhale et  al. 2004; Plawsky et  al. 2004; Panchamgam et  al. 2006b; Gokhale 
et al. 2005), G(x) was scaled, building 3rd order polynomial enveloped functions fitted to the 
maxima or minima values. The scaled function, labeled as G(x) , was assumed to be, again 
without justification, produced by the reflectance of a semi-infinite thin-layer material inserted 
between two half-spaces of other two different materials. Even though G(x) comes from an 
experimental data fit, their function does not reproduce adequately the extrema values, then 
the phase difference between 0 and �∕2 is not obtained and consequently a distorted profile is 
produced mainly in the adsorbed layer. Also, when G(x) is substituted in the relative phase dif-
ference produces undetermined values and not few experimental data must be removed to get 
an approximated thickness profile. These characteristics do not guarantee the repetitiveness 
making necessary a better method to get the G(x) and the thickness functions.

It is important to remark that G(x) must preserve the maximum amount of information of 
G(x) , however the only one physical information that we know a priori that is independent of 
the model, is the fact that between two consecutive extrema value the phase shift is always 
±�∕2 . Even though several mechanisms affect the phase difference (Harasaki et al. 2001), in 
all previous article that use the interference pattern to measure the thickness profile, has been 
assumed that the phase shift is always generated just by the optical path difference.

In the present work, first, a scaled piecewise interference function, G(x) , is constructed by 
analyzing the 1D G(x) function as a piecewise one. To guarantee that G(x) has the maximum 
amount of information of G(x) , in our approach, we demand that in each interval, defined 
by the two consecutive extreme values, G(x) and G(x) have the same inflection point posi-
tion. This is because in the intervals defined by the inflection point and the extrema values, 
the concavities of G(x) and its respective G(x) are the same. We remark, is the concavity that 
is preserved, not the curvature. Once we have G(x) , it is assumed that G(x) is the normal-
ized light-intensities function that detect the photodetectors on the CCD camera along one 
line of pixels, which comes from the reflectance of a semi-infinite thin-layer material inserted 
between two half-spaces of other two different materials. Also, it is assumed that the phase 
shift is solely  due the optical path difference. The piecewise function approach for G(x) , 
avoids divergences in phase difference function and allows to obtain a continuous piecewise 
thickness profile without fitting to the experimental data. Our results are validated through two 
ways, (a) with numerical simulation and (b) with previously reported works. In both cases, the 
discrepancy is less than 10−4 %.
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2  Materials and methods

2.1  Experimental setup

A schematic representation of the experimental setup is shown in Fig. 1a. The interference 
pattern (from which the film thickness, � , along the meniscus, was obtained) was deter-
mined as follows: A laser diode (690 nm) was used as a light source. The light beam is 
expanded and collimated by the lens set. The laser beam was directed to the beam splitter 
(50/50) positioned between the CCD camera lens and the meniscus. A fraction of the laser 
beam is directed to the meniscus droplet region perpendicular to an optical reflecting sur-
face (ORS), which is also used as a horizontal droplet base. In this experiment, the ORS is 
silica because water has hydrophilic behavior on this one, which favors the adsorbed layer 
formation. The fringes were formed across the liquid–air interface due to the interference 
produced by the reflected rays in the air–liquid and liquid-ORS interfaces. An objective 
microscope (40X, NA = 0.5 and work distance of infinity/0.76 mm) and a CCD camera 
( 1600 × 1200 pixels) were used to capture a microphotograph on the air–liquid interface of 
the droplet. Figure 2b, shows a microphotograph of one typical interference pattern gener-
ated on the meniscus.

2.2  Data analysis procedure

A homemade MATLAB algorithm was used to process the microphotographs of the 
interference pattern based on the next six steps: (1) First, the experimental interference 
pattern from the illuminated droplet is obtained, Fig.  2a. (2) The microphotograph is 

Fig. 1  a Schematic representa-
tion of the experimental setup. b 
Amplification of the droplet
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filtered with the Rloes method, and is cropped, Fig.  2b. (3) The filtered microphoto-
graph of the droplet interference pattern was converted to a gray scale by assigning val-
ues from 0 (black) to 255 (white), these values correspond to the intensity color of each 
pixel in the microphotograph, see Fig. 2c. (4) Next, manually a square region ( m trans-
versal pixels ×n lateral pixels), Fig. 2d, was extracted from the grayscale microphoto-
graph of the droplet interference pattern (white square on Fig. 2c, this zone correspond-
ing to the meniscus droplet of the Figs. 1b and 2a, marked with a gray dotted rectangle 
(not at scale) in Fig. 1b. Since m ≪ n , the lateral pixels are the radial ones. (v) From 
this region, the algorithm generates a function of the intensities, G(x) , as a function, 
of the radial pixel positions of the meniscus and was defined as: G(x) ∶ A → B , where 
A =

{
x1,… , xj,… , xm

}
 is the discrete set of pixels positions and B = {1, 2,… , 256}.

The simpler way to scale G(x) is a linear transformation in each interval defined 
between two consecutive extrema values, for this reason it must be analyzed as a piece-
wise function. A G(x) plot is shown in Fig. 2e, where it can be observed the local rela-
tive extrema values. In our proposal, we redefine G(x) as a piecewise function which is 
indicated on Fig.  2e, being the i − th subfunction Gi

(
xi,j

)
∶ Ai → B , (arrows mark the 

first three subfunctions in Fig. 2e) with i = 1, 2,… , k ; xi,j is the position of j − th pixel at 
the i − th branch, xi,j ∈ Ai =

[
xi,jmin , xi,jmax

)
 and, xi,jmin and xi,jmax are the infimum and supre-

mum of Ai . (vii) Then, the program assigns the mean value, Gmean

i
, to the local function 

Gi

(
xi,j

)
 as a reference scaled value Gmean

i
=
(
Gmax

i
− Gmin

i

)
∕2 . And finally, the Gi

(
xi,j

)
 

functions are rescaled by the function

Fig. 2  Steps to obtain the functions Gi

(
xi,j

)
 and Gi

(
xi,j

)
 . a Schematic representation of the droplet illumination. 

b A typical microphotograph of interference pattern obtained from the droplet. c A grayscale microphotograph 
obtained from the previous colored one, the analyzed small region is marked with a white square. d Selected and 
amplified region to analyze, marked with a white square. e Gi

(
xi,j

)
 and f Gi

(
xi,j

)
 functions
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note that, 0 ≤ Gi

(
xi,j

)
≤ 1 , see Fig.  2f. Experimentally, the highest intensity, G0 , comes 

from the ORS without liquid, in this case G1

(
x1,j

)
 take the value Gmax

1
.

3  Theoretical background

The droplet thickness, � , is variable from nanometers to some microns. Is an experimental 
fact that the interference pattern fringes are well-defined at the near region to the drop-
let edge, i.e., where � varies slowly, reason for which it has been considered constant at 
each pixel (Guldin 2013; Morales-Luna et al. 2016). Following this idea, here, we assume 
that Gi

(
xi,j

)
 is the normalized intensity piecewise function, which comes from the multiple 

reflections on a semi-infinite thin-layer material inserted between two half-spaces of other 
two different materials. The reflectance, R , of this kind of layers is (Hariharan 1991; Yeh 
2005)

where, r12 and r23 are the Fresnel coefficients (Yeh 2005), � is the phase difference and 
i =

√
−1 . Also, in the regions where � varies slowly is justified the use of normal incidence 

light. In this case, by assuming an electromagnetic wave polarization parallel to the inci-
dence plane, r12 =

(
n2 − n1

)
∕
(
n2 + n1

)
 and r23 =

(
n3 − n2

)
∕
(
n3 + n2

)
 , where, n1 , n2 , and 

n3 are the refractive index of air, liquid and ORS, respectively. By substituting r12 and r23 in 
Eq. (2), the relative reflectivity, R , can be expressed as a function of the refractive indexes 
and the phase difference as

where � =
(
r12

)2
+
(
r23

)2 , � = 2
(
r12

)(
r23

)
 and � = 1 +

(
r12

)2(
r23

)2 . The experimental 
reflectivity values, Ri

(
xi,j

)
 , are obtained from Gi

(
xi,j

)
 as follows (Gokhale et al. 2004; Gul-

din 2013; Morales-Luna et al. 2016)

where R(0) and R(�∕2) are the highest and lowest intensities of the interference pattern, 
respectively. A representative graph of Ri

(
xi,j

)
 is given in Fig. 3a. The experimental phase 

difference is then obtained by equaling Eqs. (3) to (4) and solving for �i , obtaining:

(1)Gi

(
xi,j

)
=

1

2

[
1 −

Gi

(
xi,j

)
− Gmean

i

Gmax

i
− Gmean

i

]

(2)R =
r12 + r23e

−2�

1 + r12r23e
−2�

(3)R(�) =
� + � cos 2�

� + � cos 2�

(4)Ri

(
xi,j

)
=
[
R(0) −R

(
�

2

)]
Gi

(
xi,j

)
+R

(
�

2

)

(5)�i

�
xi,j

�
=

1

2
arccos

⎧⎪⎨⎪⎩

� + �

�
1 − 2Gi

�
xi,j

��

�

�
2Gi

�
xi,j

�
− 1

�
− �

⎫⎪⎬⎪⎭
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A representative graph of �i

(
xi,j

)
 is shown in Fig. 3b. Finally, the thickness as a func-

tion of the phase difference is obtained from the very well-known function (Yeh 2005)

3.1  Deduction of the piecewise function for the thin film thickness

Since the meniscus thickness profile is a monotonically increasing function, the 
phase difference alternate increasing and decreasing functions, which  are directly 
related, see Eq.  (5). Thus, for i = 1 , �1

(
x1,j

)
 let us define the scale function as 

�1

(
x1,j

)
= 0 �∕2 + �1

(
x1,j

)
 . In the case of i = 2 , the phase difference decreases from 

�∕2 to 0 , to make it monotonically increase, it is necessary to scale �2

(
x2,j

)
 to it start on 

�∕2 and finish on � , this is achieved if �2

(
x2,j

)
= 2 ⋅ �∕2 − �2

(
x2,j

)
 . For i = 3 , �3

(
x3,j

)
 

increase from 0 to �∕2 , to make the global phase difference monotonically increase 
�3

(
x3,j

)
 must be scale as �3

(
x2,j

)
= 2 ⋅ �∕2 + �3

(
x3,j

)
 . Regarding i = 4 , the phase differ-

ence is decreasing from �∕2 to 0 , then, as in the case i = 2 , a subtraction must be done, 
namely �4

(
x1,j

)
= 4 ⋅ �∕2 − �4

(
x4,j

)
 . In the last example when i = 5 , the interference 

phenomena occur in a region where the phase difference change from 0 to �∕2 , and it is 
monotonically increasing, then �5

(
x1,j

)
= 4 ⋅ �∕2 + �5

(
x1,j

)
 . This is repeated until the 

last branch, where a deeper inspection of these summations results in:

(6)�i
[
�i

(
xi,j

)]
=

λ

2�n2
�i

(
xi,j

)

Fig. 3  a Reflectivity, b Phase difference, c Increasing phase difference and, d Thickness for each pixel posi-
tion
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where,
Γi = i +

1

2

[
(−1)i − 1

]
 and Ki = (−1)i+1.

or

Now, considering that λ∕
(
4n2

)
= �0 , Eq. (6) can be rewritten as

4  Results and discussion

4.1  Experimental results

Plots for Ri

(
xi,j

)
 , �i

(
xi,j

)
 , �i

(
xi,j

)
 and �i

[
�i

(
xi,j

)]
 across the meniscus droplet can be seen in 

Fig. 3a–d, respectively. The refractive indexes for air, water and ORS materials are 1.0003, 
1.3310 and 1.4555, respectively (Polyanskly 2022), a red laser beam (690 nm) is used in 
the experiment.

In Fig. 4a can be observed the thickness profile along the meniscus, and in Fig. 4b an 
amplification of the adsorbed layer region is shown, which is estimated at21 nm. The thick-
ness of the adsorbed layer remains nearly constant. All the results correspond for a droplet 
with 140 µm of diameter, and the pixel equivalence is 0.177 µm/pixel.

4.2  Numerical calculations

To demonstrate our method, we calculate the interference patterns along a line (i.e., G
(
xi,j

)
 

function) by using physical optics for five simulated thickness profiles, then, from G
(
xi,j

)
 , the 

thickness profiles were recalculated by implementing our proposed method. Thickness profiles 
were built by using the following functions: y1 = −

√[(
a2 + b2

)
∕2b

]2
− x2 +

(
a2 + b2

)
∕2b 

(circular), y2 = (b∕a)x (linear), y3 = −
(
2b∕a3

)
x3 +

(
3b∕a2

)
x2 (cubic), y4 = b sin

[
(�∕2a)x

]
 

(sinusoidal) and y5 = (2b∕�) tan−1
[
2(x − a∕2)∕a

]
+ b∕2 (arctan). Here, a = 100 μm is the 

profile length, and b = 1.5 μm is the highest profile thickness. The simulated media are air 
above water thickness profile and silica as ORS, the refractive indexes for these materials are 
1.0003, 1.3310 and 1.4555, respectively (Polyanskly 2022). A 690 nm laser beam is used in 
the simulation.

Figure 5a shows the simulated thickness profiles, while in Fig. 5b, c, both the calculated 
G
(
xi,j

)
 function and the recalculated thickness profiles are respectively displayed. As it is 

noticeable, the simulated and recalculated thicknesses are very similar, which was, in addi-
tion, verified with the absolute error (Fig. 5d), which is three orders of magnitude less than 
the maximum thickness. In the previous sections, we used our method when the radiation 

�i

(
xi,j

)
= Γi

�

2

+ Ki�i

(
xi,j

)

(7)�i

(
xi,j

)
=

�

2

[
(−1)i + 2i − 1

2
+

2

�
(−1)i+1�i

(
xi,j

)]

(8)�i
[
�i

(
xi,j

)]
=

[
(−1)i + 2i − 1

2
+ (−1)i+1

2�i

(
xi,j

)
�

]
�0



A piecewise thickness‑function to the interferometric…

1 3

Page 9 of 16 186

impinges on the sample from the gaseous medium (air). However, there is another possibil-
ity; it is related to the situation when the radiation arrives through a transparent ORS. To 
compare the predicted thickness profiles by our method in both situations, we simulated a 
cubic thickness profile ( y3 function) for five different refractive indexes. Figure 6a shows a 
representation of the interference phenomena when the radiation travels from the air to the 
sample, here l1 and l2 are the optical path. Since, near the droplet edge the meniscus thick-
ness is very thin l1 ∼ l2 , then the oblique incidence can be approximated to a normal one, 
which means that the interference phenomena are due thickness profile. When the light 
beam travels to the sample through the transparent ORS, as shown in Fig. 6b, the optical 
path can also be represented by l1 ∼ l2.

Additionally, by simulating the cubic thickness profile and applying our method, we cal-
culated the interference pattern and, from this, the thickness profile. In Fig. 6c the discrep-
ancy between the simulated and the calculated thicknesses is presented for the situation 
represented in Fig. 6a, and for five refractive indexes ranging from 1.1 to 2.3 . Similarly, in 
Fig. 6d the discrepancy is shown for the situation represented in Fig. 6b under the same 
refractive indexes. As expected, the discrepancy is independent of the refractive index. As 
can be seen in Fig. 6c, d, the discrepancy between thicknesses is minor when the interfer-
ence is generated on the ORS-sample-interface compared with the other case where the 
interference is produced on the air-sample interface.

4.3  A comparison study with previous research

Figure 2c of Xiao et al. research (Xiao et al. 2010) is a representative result of the follow-
ing researches (Gao et al. 2013; Flournoy et al. 1972; Zhang et al. 2010; Liu et al. 2019; 

Fig. 4  a Meniscus thickness profile along the meniscus droplet, b amplifying the adsorbed layer region for 
the meniscus thickness profile
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Nogueira et  al. 2005; Deck and Groot 1995; Kim and Kim 1999; Conroy 2009; Hwang 
et al. 2008; Wyant 2002; Fung et al. 2014; Kim and Buongiorno 2011; Utaka et al. 2014; 
Jawurek 1969; Sharp 1964; Dai et al. 2008; Hamza et al. 2003; Koffman and Plesset 1983; 
Shabana 2004; Mirzamoghadam and Catton 1988; Shukla et al. 2006; Zheng et al. 2002; 
Han et al. Jan. 2011; King-Smith et al. 1999; Xiao et al. 2010; Lord et al. 2000b). This 
figure will be compared with our method. In this work, they reported a continuous profile 
of a meniscus formed around the micropillar arrays; this profile was obtained by using the 
software Surface Evolver (SE). They validated their results using discrete thickness values 
calculated in each dark fringe of their Fig.  2b, and the respective thicknesses are repre-
sented in Fig. 2c by red open circles. It is essential to highlight that our method intrinsically 
includes the Xiao validation. To compare our method with theirs, firstly, we digitalized the 
continuous line of their Fig. 2c to obtain their data, as shown in Fig. 7 by the dotted line. 
Secondly, we take their Fig. 2b, and we processed with our algorithm, described in the sec-
tion of data analysis procedure, to obtain the thickness, which is shown by the continuous 
line in Fig. 7. As we can see the subfunctions given by Eq. (6) reproduce their results with 
a discrepancy of 0.44%.

References (Gokhale et al. 2003, 2004; Panchamgam et al. 2005, 2006a, 2006b; Zheng 
et al. 2002; Plawsky et al. 2004) use envelopes to rescale the grayscale function of the inter-
ference profile, and from these determine a continuous thickness profile. A representative 

Fig. 5  a Simulated thickness profiles, b Simulated unidimensional interference phenomena across the pro-
files, c Simulated thickness profiles and d Absolute error in the thickness estimation through the present 
methodology for: (1) circular, (2) linear, (3) Cubic, (4) sinusoidal and (5) arc tangent profiles
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Fig. 6  Comparison between the path traveled by the light beam inside a meniscus of cubic shape and 
dimensions of 100 µm length and 1.5 µm height. a As in the previous work, the light impinges in the air 
sample interface and b the radiation travels from the ORS-sample interface. c Comparison of the percent-
age for case (a) in the range of refractive index values from 1.1 to 2.3. (d) percentages error for case b), it is 
independent of the refractive index

Fig. 7  Relative thickness 
comparison of water meniscus 
formed around micropillar 
arrays from (a) the present data 
analysis procedure and (b) Xiao 
et al. results obtained using the 
software Surface Evolver
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interference pattern of these can be found in Fig. 2a of reference (Gokhale et  al. 2004), 
Gokhale et al. Here, they showed a grayscale image of the interference patterns formed on 
a 2-propanol drop. Moreover, in the same work, Fig. 2b, they plot the gray values obtained 
from a radial line of the meniscus drop and trace third order interpolatory envelopes for 
the maxima and minima. They implemented the envelopes to scale the gray plot in the 
range [0, 1] and used this scaling to determine the thickness profile reported in Fig. 5a. It 
is important to remark that their method based on envelopes has several difficulties in the 
determination of the meniscus thickness profiles, namely: (1) the interference gray plot 
behavior shape is affected since the interpolatory envelopes are not part of the experimen-
tal data, (2) their scaled method did not reach all the maxima, and minima values, (3) val-
ues out of the range [0,1] are obtained through their scaled method, then for values higher 
than 1, the results are undetermined.

To compare our method with theirs, firstly, we digitalized the gray value plot and the 
interpolatory envelopes of their Fig. 4b to obtain data, then applying their methodology, 
we obtained the scaled gray value plot, shown in Fig. 8a by the dotted line, after that we 
apply the Eq. (1) to their data corresponding to the gray value plot and obtain the results 
shown in Fig. 8a by the continuous line. Next, we digitalized their Fig. 5a to obtain the data 
corresponding to their meniscus thickness profile, represented by the dotted line in Fig. 8b. 
Finally, we processed the scaled gray values from Eq. (1), to obtain the meniscus thickness 
profile shown by the continuous line in Fig. 8b. It is essential to highlight the inconven-
ience of using interpolatory envelopes. For example, in Fig. 8a, if the scaled gray values 
around 15 µm meniscus length are more significant than 1, then the thickness in this region 
must be indeterminate.

5  Conclusions

This paper showed that Eq. (1) is a better approximation to scale the gray value function, 
Gi

(
xi,j

)
 , than the interpolatory envelopes method. This is because our scaled function, 

Gi

(
xi,j

)
 , preserves the behavior of the gray values and, the position of maxima and minima 

Fig. 8  Comparison of scaled gray value plot a and the meniscus thickness profile b, obtained from (1) the 
Gokhale analysis procedure and (2) the present work. Both analyses were applied to the interference pat-
terns produced on a 2-propanol meniscus drop in Gokhale’s work
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peaks are not affected, as shown in Fig. 2. Equation (1) also ensures that the scaling process 
for all the maximum peaks has a value of 1 and all the minimum peaks have a value of 0 . 
It is helpful for the subsequent process, the phase difference between minima and maxima 
peaks is �∕2 . Another point we remark on is that 0 ≤ Gi

(
xi,j

)
≤ 1 guaranteeing that phase 

difference is always well-defined, contrary to the interpolatory envelopes method. Our 
method allowed us to determine experimentally the water thickness profile of the adsorbed 
layer thickness of 21 ±2.2nm , which is in agreement with the previously reported (Gokhale 
et al. 2003, 2004; Panchamgam et al. 2005; Plawsky et al. 2004).

The proposal data analysis procedure intrinsically includes the verification process used 
by Xiao et al. in reference (Xiao et al. 2010). A suitable envelope must be touching all the 
maxima and minima peaks, this has not been achieved yet. However, as it is reported, our 
proposal avoids the use of envelopes functions through the Gmean

i
 value, obtained from the 

experimental data and does not affect the entire behavior of the meniscus thickness profile.
By using Eqs. (1) and (8) can be obtained the thickness profile through simple calcula-

tions from the gray value plot and can be programmed as quickly as the software Excel 
for example. Allowing the presented procedure can make dynamic measurements with the 
photogram velocity of the meniscus thickness. From the meniscus profile, the determina-
tion of apparent contact angle, pressure profiles, spreading velocity, interface velocity, cap-
illary pressure, and viscous resistance can be achieved.

Finally, our shown here can be used for solid transparent materials like curved lenses for 
example or to quantify thickness fluctuations or irregularities between two maximum and 
minimum neighbor intensity peaks of the gray value plot.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11082- 023- 05728-2.

Author contributions Conceptualization and investigation, DGF and GGJ; writing—original draft prepara-
tion, FJGR and RCB; writing—review and editing, FJGR, RCB and RDVG; visualization, FJPP; supervi-
sion, DGF and GGJ; project administration, GGJ. All authors read and agreed to the published version of 
the manuscript.

Funding The Tecnológico Nacional de México en Celaya suppors this work through the Convocatoria 
Proyectos de Investigación Científica, Desarrollo Tecnológico e Innovación 2023, 17352.23-P. Also was 
supported by the CONHCyT-México: Fronteras de la Ciencia Grants No. 2016-2-2029 and 376135 and, the 
DAIP-Universidad de Guanajuato: CIIC Grant No. 222/2023.

Data availability The data supporting this study’s findings are available from the corresponding author upon 
reasonable request.

Declarations 

Conflict of interest The authors and financial sponsors have no conflicts of interest.

Ethical approval In this research no one experiment was done with animal o human beings.

References

Borgetto, N., Galizzi, C., André, F., Escudié, D.: A thickness measurement technique based on low-coher-
ence interferometry applied to a liquid film with thermal gradient. Exp. Therm. Fluid. Sci. 34(8), 
1242–1246 (2010). https:// doi. org/ 10. 1016/j. expth ermfl usci. 2010. 05. 004

Brakke, K.A.: The surface evolver. Exp. Math. 1(2), 141–165 (1992). https:// doi. org/ 10. 1080/ 10586 458. 
1992. 10504 253

https://doi.org/10.1007/s11082-023-05728-2
https://doi.org/10.1007/s11082-023-05728-2
https://doi.org/10.1016/j.expthermflusci.2010.05.004
https://doi.org/10.1080/10586458.1992.10504253
https://doi.org/10.1080/10586458.1992.10504253


 D. Gasca-Figueroa et al.

1 3

186 Page 14 of 16

Conroy, M.: Advances in thick and thin film analysis using interferometry. Wear 266(5–6), 502–506 
(2009). https:// doi. org/ 10. 1016/j. wear. 2008. 04. 079

Dai, H., Shen, Y., Zhou, H., Cai, X.: Effects of step slope on thickness measurement by optical inter-
ferometry for opaque thin films. Thin Solid Films 516(8), 1796–1802 (2008). https:// doi. org/ 10. 
1016/j. tsf. 2007. 07. 209

Deck, L., de Groot, P.: High-speed non-contact profiler based on scanning white light interferometry. 
Int. J. Mach. Tools Manuf 35(2), 147–150 (1995). https:// doi. org/ 10. 1016/ 0890- 6955(94) P2365-M

Flournoy, P.A., McClure, R.W., Wyntjes, G.: White-light interferometric thickness gauge. Appl. Opt. 
11(9), 1907 (1972). https:// doi. org/ 10. 1364/ AO. 11. 001907

Fung, C.Y.K., Sedev, R., Connor, J.N.: Wetting films: a technique for probing the microscopic meniscus 
using white light interferometry. Adv. Powder Technol. 25(4), 1171–1176 (2014). https:// doi. org/ 
10. 1016/j. apt. 2014. 05. 008

Gao, M., Zhang, L., Cheng, P., Quan, X.: An investigation of microlayer beneath nucleation bubble by 
laser interferometric method. Int. J. Heat Mass Transf. 57(1), 183–189 (2013). https:// doi. org/ 10. 
1016/j. ijhea tmass trans fer. 2012. 10. 017

Gokhale, S.J., Plawsky, J.L., Wayner, P.C.: Spreading evaporation and contact line dynamics of sur-
factant-laden microdrops. Langmuir 21(18), 8188–8197 (2005). https:// doi. org/ 10. 1021/ la050 603u

Gokhale, S.J., Plawsky, J.L., Wayner, P.C., DasGupta, S.: Inferred pressure gradient and fluid flow in a 
condensing sessile droplet based on the measured thickness profile. Phys. Fluids 16(6), 1942–1955 
(2004). https:// doi. org/ 10. 1063/1. 17189 91

Gokhale, S.J., Plawsky, J.L., Wayner, P.C.: Experimental investigation of contact angle curvature and 
contact line motion in dropwise condensation and evaporation. J. Colloid Interface Sci. 259(2), 
354–366 (2003). https:// doi. org/ 10. 1016/ S0021- 9797(02) 00213-8

Guldin, S: Inorganic nanoarchitectures by organic self-assembly. In Springer Theses. Heidelberg: 
Springer International Publishing, 2013. https:// doi. org/ 10. 1007/ 978-3- 319- 00312-2. Accessed 25 
May 2015

Hamza, A.A., Mabrouk, M.A., Ramadan, W.A., Emara, A.M.: Refractive index and thickness determina-
tion of thin-films using Lloyd’s interferometer. Opt. Commun. 225(4–6), 341–348 (2003). https:// 
doi. org/ 10. 1016/j. optcom. 2003. 08. 003

Han, Y., Shikazono, N., Kasagi, N.: Measurement of liquid film thickness in a micro parallel channel 
with interferometer and laser focus displacement meter. Int. J. Multiph. Flow 37(1), 36–45 (2011). 
https:// doi. org/ 10. 1016/j. ijmul tipha seflow. 2010. 08. 010

Harasaki, A., Schmit, J., Wyant, J.C.: Offset of coherent envelope position due to phase change on reflec-
tion. Appl. Opt. 40(13), 2102 (2001). https:// doi. org/ 10. 1364/ AO. 40. 002102

Hariharan, P.: Optical interferometry. Rep. Prog. Phys. 54(3), 339–390 (1991). https:// doi. org/ 10. 1088/ 
0034- 4885/ 54/3/ 001

Hwang, Y.-M., Yoon, S.-W., Kim, J.-H., Kim, S., Pahk, H.-J.: Thin-film thickness profile measurement 
using wavelet transform in wavelength-scanning interferometry. Opt. Lasers Eng. 46(2), 179–184 
(2008). https:// doi. org/ 10. 1016/j. optla seng. 2007. 07. 005

Jawurek, H.H.: Simultaneous determination of microlayer geometry and bubble growth in nucleate boiling. 
Int. J. Heat Mass Transf. 12(8), 843–848 (1969). https:// doi. org/ 10. 1016/ 0017- 9310(69) 90151-3

Kavehpour, P., Ovryn, B., McKinley, G.H.: Evaporatively-driven marangoni instabilities of volatile liq-
uid films spreading on thermally conductive substrates. Colloids. Surf. Physicochem. Eng. Asp. 
206(1–3), 409–423 (2002). https:// doi. org/ 10. 1016/ S0927- 7757(02) 00064-X

Kim, H., Buongiorno, J.: Detection of liquid–vapor–solid triple contact line in two-phase heat transfer 
phenomena using high-speed infrared thermometry. Int. J. Multiph. Flow 37(2), 166–172 (2011). 
https:// doi. org/ 10. 1016/j. ijmul tipha seflow. 2010. 09. 010

Kim, S.-W., Kim, G.-H.: Thickness-profile measurement of transparent thin-film layers by white-light 
scanning interferometry. Appl. Opt. 38(28), 5968 (1999). https:// doi. org/ 10. 1364/ AO. 38. 005968

King-Smith, P.E., Fink, B.A., Fogt, N.: Three interferometric methods for measuring the thickness of 
layers of the tear film. Optom. vis. Sci. 76(1), 19–32 (1999). https:// doi. org/ 10. 1097/ 00006 324- 
19990 1000- 00025

Koffman, L.D., Plesset, M.S.: Experimental observations of the microlayer in vapor bubble growth on a 
heated solid. J. Heat Transf. 105(3), 625–632 (1983). https:// doi. org/ 10. 1115/1. 32456 31

Li, J., Wang, Y.R., Meng, X.F., Yang, X.L., Wang, Q.P.: Simultaneous measurement of optical inhomogene-
ity and thickness variation by using dual-wavelength phase-shifting photorefractive holographic inter-
ferometry. Opt. Laser Technol. 56, 241–246 (2014). https:// doi. org/ 10. 1016/j. optla stec. 2013. 08. 019

Li, X., Hollingsworth, D.K., Witte, L.C.: The thickness of the liquid microlayer between a cap-shaped 
sliding bubble and a heated wall: experimental measurements. J. Heat. Transf. 128(9), 934–944 
(2006). https:// doi. org/ 10. 1115/1. 22418 58

https://doi.org/10.1016/j.wear.2008.04.079
https://doi.org/10.1016/j.tsf.2007.07.209
https://doi.org/10.1016/j.tsf.2007.07.209
https://doi.org/10.1016/0890-6955(94)P2365-M
https://doi.org/10.1364/AO.11.001907
https://doi.org/10.1016/j.apt.2014.05.008
https://doi.org/10.1016/j.apt.2014.05.008
https://doi.org/10.1016/j.ijheatmasstransfer.2012.10.017
https://doi.org/10.1016/j.ijheatmasstransfer.2012.10.017
https://doi.org/10.1021/la050603u
https://doi.org/10.1063/1.1718991
https://doi.org/10.1016/S0021-9797(02)00213-8
https://doi.org/10.1007/978-3-319-00312-2
https://doi.org/10.1016/j.optcom.2003.08.003
https://doi.org/10.1016/j.optcom.2003.08.003
https://doi.org/10.1016/j.ijmultiphaseflow.2010.08.010
https://doi.org/10.1364/AO.40.002102
https://doi.org/10.1088/0034-4885/54/3/001
https://doi.org/10.1088/0034-4885/54/3/001
https://doi.org/10.1016/j.optlaseng.2007.07.005
https://doi.org/10.1016/0017-9310(69)90151-3
https://doi.org/10.1016/S0927-7757(02)00064-X
https://doi.org/10.1016/j.ijmultiphaseflow.2010.09.010
https://doi.org/10.1364/AO.38.005968
https://doi.org/10.1097/00006324-199901000-00025
https://doi.org/10.1097/00006324-199901000-00025
https://doi.org/10.1115/1.3245631
https://doi.org/10.1016/j.optlastec.2013.08.019
https://doi.org/10.1115/1.2241858


A piecewise thickness‑function to the interferometric…

1 3

Page 15 of 16 186

Liu, J., Gao, M., Zhang, L., Zhang, L.: A laser interference/high-speed photography method for the study of 
triple phase contact-line movements and lateral rewetting flow during single bubble growth on a small 
hydrophilic heated surface. Int. Commun. Heat. Mass. Transf. 100, 111–117 (2019). https:// doi. org/ 10. 
1016/j. ichea tmass trans fer. 2018. 12. 005

Lord, J., Jolkin, A., Larsson, R., Marklund, O.: A Hybrid Film Thickness Evaluation Scheme Based on 
Multi-channel Interferometry and Contact Mechanics, pp. 16–22. ASME, Orlando (2000a)

Lord, J., Jolkin, A., Larsson, R., Marklund, O.: A hybrid film thickness evaluation scheme based on multi-
channel interferometry and contact mechanics. J. Tribol. 122(1), 16–22 (2000b). https:// doi. org/ 10. 
1115/1. 555324

Lu, H., Wang, M.R., Wang, J., Shen, M.: Tear film measurement by optical reflectometry technique. J. 
Biomed. Opt. 19(2), 027001 (2014). https:// doi. org/ 10. 1117/1. JBO. 19.2. 027001

Maniscalco, B., Kaminski, P.M., Walls, J.M.: Thin film thickness measurements using scanning white light 
interferometry. Thin Solid Films 550, 10–16 (2014). https:// doi. org/ 10. 1016/j. tsf. 2013. 10. 005

McCrackin, F.L., Passaglia, E., Stromberg, R.R., Steinberg, H.L.: Measurement of the thickness and refrac-
tive index of very thin films and the optical properties of surfaces by ellipsometry. J. Res. Natl. Bur. 
Stand. Sect. Phys. Chem. 67A(4), 363 (1963). https:// doi. org/ 10. 6028/ jres. 067A. 040

Mirzamoghadam, A.V., Catton, I.: Holographic interferometry investigation of enhanced tube meniscus 
behavior. J. Heat. Transf. 110(1), 208–213 (1988). https:// doi. org/ 10. 1115/1. 32504 53

Morales-Luna, G., Contreras-Tello, H., García-Valenzuela, A., Barrera, R.G.: Experimental test of reflectiv-
ity formulas for turbid colloids: beyond the fresnel reflection amplitudes. J. Phys. Chem. B 120(3), 
583–595 (2016). https:// doi. org/ 10. 1021/ acs. jpcb. 5b108 14

Nogueira, R., Vazquez, R., Mata, J.L., Saramago, B.: A new method for bidimensional analysis of inter-
ferometric patterns of liquid films. J. Colloid Interface Sci. 286(1), 420–423 (2005). https:// doi. org/ 10. 
1016/j. jcis. 2005. 01. 010

Panchamgam, S.S., Gokhale, S.J., Plawsky, J.L.: Experimental determination of the effect of disjoining 
pressure on shear in the contact line region of a moving evaporating thin film. J. Heat Transfer 127, 
231–243 (2005)

Panchamgam, S.S., Plawsky, J.L., Wayner, P.C., Jr.: Microscale heat transfer in an evaporating moving 
extended meniscus. Exp. Therm. Fluid Sci. 30, 745–754 (2006a)

Panchamgam, S.S., Plawsky, J.L., Wayner, P.C., Jr.: Spreading characteristics and microscale evaporative 
heat transfer in an ultrathin film containing a binary mixture. J. Heat Transfer 128, 1266–1275 (2006b)

Plawsky, J.L., Panchamgam, S.S., Gokhale, S.J., Wayner, P.C., Jr., DasGupta, S.: A study of the oscillating 
corner meniscus in a vertical constrained vapor bubble system. Superlattices Microstruct. 35, 559–572 
(2004)

Polyanskly, M: Refractiveindex.info. Refractive index database, Https Refract. Consult. Jan 2022 (2022)
Shabana, H.M.: Determination of film thickness and refractive index by interferometry. Polym. Test. 23(6), 

695–702 (2004). https:// doi. org/ 10. 1016/j. polym ertes ting. 2004. 01. 006
Sharp, R.R.: the nature of the liquid film evaporation. Washingtown D.C.: NASA, 1964
Shukla, R.P., Udupa, D.V., Das, N.C., Mantravadi, M.V.: Non-destructive thickness measurement of dichro-

mated gelatin films deposited on glass plates. Opt. Laser Technol. 38(7), 552–557 (2006). https:// doi. 
org/ 10. 1016/j. optla stec. 2004. 11. 020

Utaka, Y., Kashiwabara, Y., Ozaki, M.: Microlayer structure in nucleate boiling of water and ethanol at 
atmospheric pressure. Int. J. Heat Mass Transf. 57, 222–230 (2013)

Utaka, Y., Kashiwabara, Y., Ozaki, M., Chen, Z.: Heat transfer characteristics based on microlayer structure 
in nucleate pool boiling for water and ethanol. Int. J. Heat Mass Transf. 68, 479–488 (2014)

Voutsinos, C.M., Judd, R.L.: Laser interferometric investigation of the microlayer evaporation phenomenon. 
J. Heat. Transf. 97(1), 88–92 (1975). https:// doi. org/ 10. 1115/1. 34502 95

Wyant, J.C.: White light interferometry, presented at the AeroSense 2002, In: Caulfield, H. J. (Ed.), pp. 
98–107. Orlando, 2002

Xiao, R., Enright, R., Wang, E.N.: Prediction and optimization of liquid propagation in micropillar arrays. 
Langmuir 26(19), 15070–15075 (2010)

Yeh, P.: Optical Waves in Layered Media. Wiley, Hoboken (2005)
Zhang, Y., Utaka, Y.: Formation Mechanism and Characteristics of Liquid Microlayer in Mini-gap Boiling 

System, pp. 1–6. ASME, Montreal (2010)
Zhang, Y., Utaka, Y., Kashiwabara, Y.: Formation mechanism and characteristics of a liquid microlayer in 

microchannel boiling system. J. Heat Transf. 132(122403), 1–7 (2010)
Zhang, Y., Utaka, Y., Kashiwabara, Y., Kamiaka, T.: Characteristics of Microlayer Thickness Formed Dur-

ing Boiling in Microgaps. In ASME, Pohang, South Korea: ASME, pp. 1–6 (2009)

https://doi.org/10.1016/j.icheatmasstransfer.2018.12.005
https://doi.org/10.1016/j.icheatmasstransfer.2018.12.005
https://doi.org/10.1115/1.555324
https://doi.org/10.1115/1.555324
https://doi.org/10.1117/1.JBO.19.2.027001
https://doi.org/10.1016/j.tsf.2013.10.005
https://doi.org/10.6028/jres.067A.040
https://doi.org/10.1115/1.3250453
https://doi.org/10.1021/acs.jpcb.5b10814
https://doi.org/10.1016/j.jcis.2005.01.010
https://doi.org/10.1016/j.jcis.2005.01.010
https://doi.org/10.1016/j.polymertesting.2004.01.006
https://doi.org/10.1016/j.optlastec.2004.11.020
https://doi.org/10.1016/j.optlastec.2004.11.020
https://doi.org/10.1115/1.3450295


 D. Gasca-Figueroa et al.

1 3

186 Page 16 of 16

Zheng, L., Wang, Y.-X., Plawsky, J.L., Wayner, P.C.: Effect of curvature, contact angle, and interfacial sub-
cooling on contact line spreading in a microdrop in dropwise condensation. Langmuir 18(13), 5170–
5177 (2002). https:// doi. org/ 10. 1021/ la020 040b

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of such publishing agreement and applicable 
law.

https://doi.org/10.1021/la020040b

	A piecewise thickness-function to the interferometric measurement of the optically transparent thin films
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Experimental setup
	2.2 Data analysis procedure

	3 Theoretical background
	3.1 Deduction of the piecewise function for the thin film thickness

	4 Results and discussion
	4.1 Experimental results
	4.2 Numerical calculations
	4.3 A comparison study with previous research

	5 Conclusions
	References




