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Abstract: This study unveils an advanced methodology for characterizing various types of cow’s
milk based on their optical properties, aiming to establish a straightforward yet comprehensive
method. This study uses fundamental principles such as Snell’s Law and Fresnel coefficients to
determine and demonstrate critical angles for total internal reflection and reflectance at p polarization.
Notably, milk composition, particularly fat content, significantly and remarkably influences its
refractive index, with higher fat content leading to elevated values. Additionally, the extinction
coefficient, derived through the Beer-Lambert law, provides valuable and essential information
regarding light absorption and scattering within the milk samples. The significance of this research
relies upon its ability to comprehensively analyze various optical properties of milk, including critical
angles, reflectance, and extinction coefficients. By doing so, it offers an exhaustive and detailed
understanding of how milk responds to light across different wavelengths and angles of incidence.
Moreover, the technique effectively distinguishes milk types based on their fat content and particle
characteristics. This novel characterization technique holds promise for various applications within
the dairy industry, such as milk quality control, classification, and adulteration detection, which is

crucial for maintaining consumer trust and safety.
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1. Introduction

The exploration of the optical properties of a medium is deeply rooted in the meticu-
lous analysis of its refractive index, a fundamental parameter that indicates the extent to
which the speed of light is delayed upon passing through the medium [1-10]. This signifi-
cant parameter is a cornerstone in understanding how light interacts with and traverses
through various mediums. To facilitate precise measurements, it is necessary to consider
a configuration based on internal reflection, which is strategically utilized to determine
the critical angle associated with total internal reflection accurately. The internal reflection
configuration occurs when the refractive index of the first medium is greater than that of
the second propagation medium. Within this setup, it is firmly established that the angle at
which light reflects is equal to the angle at which it is incident, a phenomenon commonly
referred to as specular reflection [11].

Optical, easily applicable techniques bear considerable significance, offering the com-
munity accessible methods applicable across diverse areas and industries. That is why the
experiment presented in this manuscript relies on applying Snell’s law and Fresnel coeffi-
cients. Snell’s law is a relationship that describes how light refracts as it passes through
a flat interface. Fresnel coefficients represent the proportion of incident light reflected
and transmitted at the interface between two media with different refractive indices or
interfaces [4,12].

It is important to mention that the most fundamental concept in this work is optical
reflectance, defined by the square magnitude of Fresnel coefficients, which is meticulously
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examined for both s and p polarizations [13,14]. Polarization s refers to isolating a single
component of the electric field perpendicular to the plane of incidence. In contrast, the p
polarization occurs when the electric field is parallel to the plane of incidence [1,2].

As already mentioned, the total internal reflection plays a crucial role in the experiment,
representing a fundamental optical phenomenon wherein all incident light is reflected
beyond a specific angle of incidence known as the critical angle [1-8,15].

In the pursuit of obtaining comprehensive optical parameters for complex samples, it
becomes imperative to explore and integrate various theoretical frameworks that elucidate
the intricate interactions between light and the sample under investigation, as exemplified
in the case of different types of cow’s milk [1-3,13,14]. Among these theoretical models, the
effective medium theory (E.M.T.) stands out, offering a conceptual framework to describe
complex samples such as particles immersed in a homogeneous medium, assigning them an
effective refractive index. By amalgamating the E.M.T. with Fresnel coefficients, researchers
are equipped with a simplified yet powerful technique to characterize a diverse array
of samples with relative ease [3,16]. Another optical phenomenon that merits attention,
albeit less common, is extinction, which encapsulates the absorption or scattering of light
within the sample. This intricate behavior is aptly modeled using the extinction coefficient
derived from the venerable Beer-Lambert law. It is imperative to underscore that the
sample’s refractive index is inherently complex and wavelength-dependent, as elucidated
by extensive research [4,17-21].

In summary, this research endeavors to comprehensively explore and illustrate various
optical properties of the sample under scrutiny, ranging from determining critical angles
to studying extinction phenomena. Meticulous experimentation and analysis provide a
thorough understanding of the sample’s response to light across a spectrum of conditions
and angles of incidence. Moreover, it gives precious insights into the unique characteristics
of milk and its constituent particles, offering a significant contribution to the broader
scientific discourse on optical characterization techniques.

2. Materials and Methods
2.1. Experimental Setup

Figure 1 depicts the experimental setup employed in our study. It features a white
light source whose intensity is regulated by the source light system. The white light beam
is directed into a polarizer, where the angle is set at either 0° or 90°, determining the
polarization as either s or p.

Spectrometer

Source Light
System

White Light
Beam

Polarizer Irises. Lenses

Figure 1. Experimental setup.

After passing through the polarizer, the beam traverses the irises, which filter the light
to permit a minimal amount. Subsequently, the light passes across the lenses, which focus
the beam onto the flat face of the BK7 prism with optimal central alignment.
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The beam encounters the prism mounted on the top goniometer. Upon reflection, the
light enters the spectrometer, affixed to the bottom goniometer. The spectrometer transmits
the reflected light’s information via optical fiber, yielding results on the computer. The
measurements involve obtaining spectrum values for each angle of incidence.

The experimental setup’s main components are listed in Table 1.

Table 1. Optical components of the experimental setup.

Component Model Features
L. o . . High-Output of 150 W Bulbs with 3200 K
High-intensity fiber light source with OSL2/0SL2CO Thorlabs Wavelength range: 400-1600 nm

collimation package

Glan-Thompson Polarizer with rotation

mount, set at 90 deg

Motorized Precision Rotation Stage with
D.C. Servo Motor Driver (Goniometers)

Spectrometer

Prism

Adjustment: 0-100%
Calcite polarizer 10 x 10 mm; extinction

GTH10M Thorlabs ratio 100,000:1; wavelength range
350 nm-2.3 pm
Resolution: 2 arcsec
PRM1/MZ8/KDC101 Thorlabs Bidirectional Repeatability: +0.1°

Max. Rotation Velocity: 25 deg/s
Wavelength range: 200-1000 nm
CC5200/M Thorlabs Spectral accuracy: <2 nm @ 633 nm

BK7

The experimental setup operates through a control routine programmed in LabVIEW
2023. The Thorlabs Kinesis system is required to control the goniometers using com-
patible .NET DLL commands. This system allows simultaneous control over the posi-
tion, speed, and direction of movement for each goniometer while providing real-time
position feedback.

A subroutine using Thorlabs LabVIEW drivers has been implemented for spectrometer
data acquisition. This subroutine sends a trigger signal only when the goniometers reach
specific angular position steps, which are user-specified. Once the angular sweep is com-
plete, we obtain an intensity data matrix correlated with angular position and wavelength.

2.2. Methodology

Once the experimental setup is prepared, the following methodology is pursued:

1. The polarizer is adjusted to 90° to select p-polarization. The polarization is signifi-
cant because the technique offers two types of linear polarization, and the choice of this
can be substantial. In this manuscript, p-polarization was chosen.

2. Data acquisition is essential because the system will rotate to change the angle
of incidence on the sample; for this reason, it is necessary to consider some data in the
program that performs the measurements.

Initial angle: 20°

Final angle: 75°

Angular pitch: 0.1 degree. The angular step in which the motors move.

Integration parameter: 0.003. It is the amount by which the spectrometer averages

each measurement, that is, every 0.1 degree.

e  Multiplier: 2. This parameter regulates the motor of the goniometer associated with
the spectrometer, ensuring it moves at twice the speed when dealing with specular
reflection compared to the goniometer bearing the sample.

3. A measurement of reference is necessary; this calibration curve is considered
without the sample to obtain the light spectrum values for each angle of incidence for a
prism-air interface. This measurement will be carried out whenever a sample has been
used to observe that our system continues to be well calibrated and that the cleaning of the
prism, due to the sample, was adequate.

4. The post-processing of the data obtained from each measurement is analyzed to
obtain the reflectance curve as a function of the angle of incidence and wavelength.
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5. All data are completed at this point, and different reflectance curves can be analyzed.
One of them is calculated as a function of the angle of incidence at a fixed wavelength or
vice versa. The purpose of this is to compare measurements with theory in a simpler way;
for example, theoretical graphs of an interface prism-air can be generated using Fresnel’s
composite reflectance formula for p-polarization [4], or if a complex sample is carried out,
Equation (1) can be used.

; 27 001120,
Tp12 +rp23 % eZIh ny—n; sen=;

1)

Tpi23 = .
p123 ,
14 rp1p X yp3 x G2/ send
To compare with the experiment, Equation (1) should be considered as the optical
reflectance [4], which is defined in Equation (2).

Rp123 = |7p123 ’2' 2)

where 7; is the refractive index of the incidence medium, which, in our case, will be the
BK7-prism, n; is the refractive index of the transmitted medium, and 6; is the angle of
incidence. p12 is the Fresnel’s coefficient of the first interface, prism-sample, and rp23, for
the second interface, glass-air, and / is the thickness of the sample, which was measured
using the formula i = V /A, where V is the measured volume of the sample, and A is the
area of the coverslip. The Fresnel coefficient for p-polarization [4] is

S nlzktz - ”%kiz
P ’
nlzktz + n%kiz

(3)

With k;,, ki, as the z-components of the wave vector given by

kiz = koy/n? — n? sen26; . 4)

where the subindex I change depends on which interface is working on, and kj is the
wavenumber in vacuum defined as kg = 271/A, A being the wavelength.

6. All instruments must be calibrated, and this is no exception. The calibration process
follows the next steps. A numerical derivative of the optical reflectance, see Figure 2a,
should be developed to obtain the critical angle, which means there is an abrupt change in
slope before total internal reflection comes, as depicted in Figure 2b.

7. Calibrations consist of the theoretical critical angle subtracted from the experimental
critical angle. This is added to the angular scale obtained in step (5). Thus, the data
are calibrated and ready for sample measurements. This calibration is applied to all
experimental results. Critical angles, theoretical and experimental, are compared using
Snell’s law, shown in Equation (5):

n; sin 0. = n(A)". )

8. Using Snell’s law, Equation (5), the real part of the sample’s refractive index is
determined, where the refractive index is

ny = n(A) +in(1)". (6)

The sample’s composition will be theoretically considered an effective medium. An
effective medium is a simplified representation of a material composed of, in this case,
spherical particles and a homogeneous liquid, which has the same optical properties as
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those of the original material. The effective medium theory used in this work is the one
proposed by van de Hulst Equation (7), defined by

neff = Ny [1 + % S(O)] . (7)

where 1y, is the refractive index of the medium in which the particles are located, in this
case, water; f is the volume filling fraction, i.e., the number of particles in the total volume
of the sample; S(0) is the scattering matrix element [21] of the light in the direction of
incidence; and x is called the size parameter, given by Equation (8), with a particle radius 4,

x = kon,,a . (8)
where kg is the wavenumber in vacuum defined as ko = 27t/ A, being A the wavelength.

(a) Calibration Graph

1.0 )
0.8
g
c o6
o |
=
|9} |
= [
T 04
-4
b
| 1
4
021 | —— Calibrated data
i —— Experimental data
0.0 —T—— ] -== B(air) = 41.1578
1
20 30 40 50 60 70
Incidence angle [2]
o (b) Derivative Graph
. T
1 —— Derivative
-=- B(air) = 41.1578
05 i
J
4
i
0.4 i
|
1
i
0.3 !
8 i
= ]
i
o] 1
o 02 !
b 1
= i
2 i
01 H
i
|
0.0 !
i
i
i
—01 i
i
i
i
L

20 30 40 50 60 70
Incidence angle [2]
Figure 2. (a) Reflectance at p polarization, as a function of incidence angle, is plotted from 20
to 70 degrees for an interface prism-air. The orange curve represents the original results with-
out calibrations. Meanwhile, the blue curve represents the calibrated curve of the experiment;
(b) Reflectance derivative as a function of incidence angle, where the highest pick of the derivative
corresponds to the critical angle.

9. The goniometers are reset to 0 degrees for ease of sample placement. Ten microliters
of the sample are taken with a micropipette and placed in the center of a coverslip. As
mentioned above, this measurement is needed to infer the thickness of the sample. The
coverslip with the sample is positioned on the flat face of the prism, as shown in Figure 3.
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Cover Slip with
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Figure 3. Sample arrangement.

10. Steps (2) and (3) are repeated to obtain the light spectrum values for each angle of
incidence at the prism-sample and prism-air interfaces.

11. Steps (5), (6), and (7) are repeated, but now, two critical angles will be identified
because of the two different interfaces: prism-air and prism-sample. The region in the
reflectance curve between these two critical angles is called the extinction zone, where the
light is absorbed or scattered. The focus is on the second change in slope corresponding
to the critical angle of the prism-sample interface to infer the real part of the sample’s
refractive index mentioned in the next step.

12. The experimental reflectance is compared against a theoretical curve obtained by
Fresnel’s composed reflectance expression mentioned earlier, see Equation (2). By varying
parameters, such as the particle size and volume fraction [22,23]. Also, the imaginary part
of the sample’s refractive index is obtained.

13. Once the imaginary part of the refractive index is obtained, the extinction coefficient
is calculated by applying Beer-Lambert’s law Equation (9).

= 4771 Im(n") . )

Considering all these points described above, the optical reflectance measurements

will be obtained, and the sample will be optically characterized.

3. Results and Discussion

All the reflectance data acquired before the calibration, see Figure 2a, are illustrated
in Figure 4, showcasing the uncalibrated reflectance density map of the various cow’s
milk types. Figure 4 is important because it shows the potential of the optical technique.
This visual representation offers insights into the reflectance characteristics across different
angles of incidence and wavelengths. This manuscript, as shown in Figure 5, focuses
on a wavelength of 525 nm. The chosen wavelength was arbitrary when analyzing the
optical characteristics at said wavelength, but the experiment allowed us to obtain the
same optical parameters at other wavelengths. The discernible abrupt decline in reflectance
between the 60- and 65-degree angles of incidence is particularly notable, indicating a
significant change in light interaction with the milk samples within this angular range. The
optimal wavelength for the reflectance plots employed in this research was determined by
scrutinizing these density maps.
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Figure 4. Reflectance density map as a function of angle of incidence (20° to 75°) and wavelength
for the different types of milk (475 nm to 800 nm). (a) Reflectance density map for whole milk;
(b) reflectance density map for light milk; (c) reflectance density map for lactose-free milk;

(d) reflectance density map for lactose-free light milk.
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Figure 5. Impact of fat content and lactose presence on light reflectance in milk samples. These
graphs are at a fixed wavelength of 525 nm as a function of the angle of incidence, ranging from 20 to
70 degrees. (a) Reflectance curve for whole milk; (b) Reflectance curve for light milk; (c) Reflectance
curve for lactose-free milk; (d) Reflectance curve for lactose-free light milk.
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Figure 5 illustrates the various reflectance plots featuring calibrated angular scales for
the different types of milk. Within this figure, the most crucial aspect is the presence of two
critical angles and the area encompassed between them. It holds significance as it denotes
the region where the sample’s extinction is evaluated. While the reflectance derivative
plots for each milk type are not presented here for the sake of simplicity, it is essential to
highlight that such analysis was conducted to determine the real part of each refractive
index using Snell’s law Equation (5). This comprehensive approach allows for a deeper
understanding of the optical properties of the milk samples and facilitates the extraction of
crucial parameters essential for further analysis and interpretation, such as the real part of
the refractive index for both interfaces.

After acquiring the real part of the refractive index, the theoretical and experimental
reflectance versus angle of incidence graphs are generated and presented in Figure 6.
These graphs serve as a crucial step in the analysis process, allowing for a comparison
between theoretical predictions and empirical observations. By incorporating parameters
such as the radius of particle and volume fraction, derived from van de Hulst’s effective
medium theory Equation (7), into the analysis, a comprehensive understanding of the
optical behavior of the milk samples is achieved. This integration of theoretical models
with experimental data enhances the accuracy and reliability of the analysis, enabling
researchers to extract meaningful insights into the underlying mechanisms regulating light
interaction with the milk samples. Thus, Figure 6 serves as a pivotal visualization tool,
facilitating the interpretation and understanding of the behavior of different samples. It is
necessary to mention that Figure 6 is not a fitting curve; it is just the simulation and the
experiments that match better between both curves.

(a) Whole Milk (b) Light Milk
1.0/ — theoretical (— 1.0/ — theoretical —
0.8 experimental 0.8 experimental
3 3
E 0.6 [\\ E 0.6 \\
o] N 5]
2 2
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Figure 6. Theoretical and experimental comparison of the milk’s reflectance curves as a function of
angle of incidence (20° to 70°) and fixed at a wavelength of 525 nm. (a) Theoretical and experimen-
tal comparison for whole milk’s reflectance curves; (b) Theoretical and experimental comparison
for light milk’s reflectance curves; (c) Theoretical and experimental comparison for lactose-free
milk’s reflectance curves; (d) Theoretical and experimental comparison of lactose-free light milk’s

reflectance curves.
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Having discerned the real and imaginary components of the refractive index for
every milk variant, we employ Beer-Lambert’s law, as outlined in Equation (9), to derive
the extinction coefficient. The culmination of our experimental findings is meticulously
documented in Table 2.

Table 2. Change in extinction of different milks based on particle radius and volume fraction.

P Refractive Index Refractive Index . . . Extinction Coefficient
Type of Cow’s Milk (Real Part) - 0.0002 (Imaginary Part) x 10-5 Particle Radius (a) [um] Volume Fraction % 10-7
Whole 1.36462 5.56853 15 0.018 13.3288
Light 1.35199 4.13283 1.5 0.013 9.89232
Lactose-Free 1.34655 11.3113 1.0 0.038 27.0747
Lactose-Free Light 1.36148 1.08914 15 0.0024 2.60696

Table 2 provides a comprehensive overview of crucial optical parameters character-
izing various types of cow’s milk. The table outlines each milk type’s refractive index,
detailing the real and imaginary parts that play pivotal roles in determining how light in-
teracts with the milk samples. Additionally, Table 2 presents information on particle radius
and volume fraction, shedding light on the physical characteristics of the milk samples.
Of particular significance is the extinction coefficient, derived using Beer—Lambert’s law,
which quantifies the extent to which light is absorbed and scattered by the milk samples.

Moreover, in conjunction with the data in Table 2, Figure 7 visually represents the
nutritional disparities among the various types of cow’s milk. Together, these findings
offer a holistic understanding of the composition and properties of different milk types,
elucidating the factors that influence their optical and nutritional characteristics. This
technique shows how easy it is to analyze samples and characterize them from an optical
point of view, thus allowing us to evaluate the composition and characteristics that could
change in the sample due to different possible damages or modifications suffered by the
sample. This technique only considers one type of particle; in most cases, it is the particle
that most affects the measurement due to its radius. It is believed that it could be an
additional valuable technique for analyzing turbid suspensions in different areas, such as
pharmaceuticals and food.

Lactose Lactose
Whole Light Free Free Light
2 L)
Fat Protein Q. Lactose

Figure 7. Composition of the different types of milk.

4. Conclusions

In conclusion, milk is primarily composed of water, proteins, fats, and lactose, with
variations in different types of milk mainly attributable to differences in fat content and
processing methods. Milk with higher fat content tends to exhibit a higher refractive index
due to larger fat globules, which effectively bend light. Conversely, skim milk or lactose-
free milk, with reduced fat content, tends to have lower refractive indices, resembling water
more closely.

Furthermore, our study successfully discerned variations in particle size and volume
fraction among different types of cow’s milk. This highlights the efficacy of the optical
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characterization technique in accurately classifying and differentiating between diverse
cow’s milk types based on their distinct and unique compositions.

In addition, our research contributes a novel and cutting-edge methodology to the sci-
entific community for characterizing different types of liquid samples. In this instance, we
shed light on the refractive index of cow’s milk for the first time, as far as the authors know,
providing valuable insights that could enhance industrial processes for milk storage. Fi-
nally, this technique holds promise for analyzing the optical properties of complex samples
beyond milk, offering a versatile tool for various applications across various industries.
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