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son, J.M., Regnima, G.-O., Dion, S.B., Koffi,

T., Abaka, MK. and Zoueu, T.J. (2024) Determining the optical properties of media remains an important part of sci-
Structured Laser lllumination Planar Imag- entific research. Knowledge of these optical properties, particularly absorption
ing (SLIPI): Separating the Absorption and
Scattering Coefficients Using Kubelka-Munk
Relationship. Open Journal of Applied Sci-
ences, 14, 3441-3459. optically dilute media. Recently, a technique called Structured Laser Illumina-

https://doi.org/10.4236/0japps.2024.1412225 tion Planar Imaging (SLIPI) has been developed for measuring extinction co-

and diffusion coefficients, has direct applications in biomedical therapeutic di-
agnostics. The determination of these coefficients was previously reserved for

efficients in dense media. For such a medium and technique, no study has re-
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1. Introduction

Absorption and scattering are the main phenomena of light-matter interaction
[1]. As such, the study of these phenomena is then used to characterize different
environments. In the case of biological tissues, the extraction of such parameters
allows for effective and safe medical therapy and diagnosis, enabling consistent
monitoring of these tissues [2]-[4]. These properties can also be used to optimize
light dose distribution during photodynamic therapy of cancer cells [5]-[7], as
well as to differentiate healthy tissue from diseased tissue. For instance, it has been
shown that an Alzheimer’s patient’s brain presents a low absorption coefficient
but a significantly high reduced scattering coefficient [8]. Similarly, an infected
burn area is distinguishable from a non-infected one due to its relatively high ab-
sorption coefficient and low reduced scattering coefficient [9].

These optical properties are typically determined using various non-invasive
techniques, which are recurrent techniques utilizing continuous wave sources in
combination with fluence measurements [10] [11]. Other researchers have devel-
oped a modulated imaging technique based on structured illumination [12]. For
example, [13] describes an optical imaging system with structured illumination and
integrated detection, based on the Kubelka-Munk (K-M) propagation model, for
spatial characterization of absorption and scattering properties in turbid media.

Recently, Fajardo and Solarte employed a method based on the Kubelka-Munk
model [14] that measures diffuse transmission and reflection to determine the optical
properties of cow’s milk, specifically the absorption and diffusion coefficients. This
highlights how optical properties, such as scattering and absorption coefficients, pro-
vide valuable insights into the morphological and biochemical composition of vari-
ous materials, thus emphasizing the importance of separating them.

Various optical techniques are currently being explored to obtain different pa-
rameters that represent material conditions. One such technique is diffuse reflec-
tance spectroscopy [15]-[18], which analyzes the light spectrum after reflection to
derive the absorption and scattering properties of matter. However, it is worth
noting that measurements of molar extinction coefficients are based on Beer-
Lambert’s law, which describes light attenuation from ballistic photons in a ho-
mogeneous medium. These measurements remain valid when particle density is
low, and the path length of photons in the probed medium is short [19].

In dense or optically thick media, such as the dense region of a jet, biological tis-
sues, or optically turbid liquid media, a large quantity of photons undergoes multi-
ple scattering events. The contribution of these multiply scattered photons becomes
significant, obscuring that of ballistic photons and constituting stray light that
must be removed [19]. Under these conditions, the classical method of optical
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spectroscopy is difficult to apply, although it is typically preferred for determining
the optical properties of various compounds via the Beer-Lambert-Bouguer law.
However, these measurements are no longer valid in optically dense media.

Due to the limitations of optical spectroscopy in optically dense media, a rela-
tively new approach based on structured illumination has been developed [19].
This technique, known as SLIPI (Structured Illumination Planar Imaging), em-
ploys a spatially modulated laser sheet to pass through the dense medium under
study. The light pattern formed within the medium is captured and processed to
eliminate multiply scattered photons, significantly improving image contrast [20].
After removing the stray light, the optical density can be calculated, resulting in an
exponential decay of intensity as the light passes through the sample [21].

This approach has been successfully used in 3D imaging for characterizing
scattering media, determining molar extinction coefficients in turbid media
[22], and classifying various types of coffee [23]. It has also proven to be a viable
alternative for obtaining extinction coefficients in dense media where absorp-
tion spectrophotometry fails [24] and for diagnosing oils in power transformers,
offering advantages over conventional monitoring methods like Interfacial Ten-
sion Turbidity (IFT), Dissolved Decay Products (DDP), and absorption spec-
trophotometry [25] [26].

In this article, we develop a new technique for independently calculating the
absorption and scattering coefficients solely from single-phase SLIPI measure-
ments. The proposed method involves synchronous detection alternated by us-
ing the Kubelka-Munk coefficients for scattering (S) and absorption (K) to de-
termine the diffusion and absorption coefficients of an isotropic medium, pri-
marily scattering or absorbing, such as milk and coffee. Specifically, the SLIPI
method captures a modulated light sheet passing through the sample. The con-
tribution of multiple light intensities is then removed during post-processing,
producing an exponential intensity decay as light penetrates the sample. By fit-
ting a curve to this decay and applying Beer-Lambert’s law, we obtain the ex-
tinction and transmission coefficients of the sampled liquid [24].

Consequently, we can say that the SLIPI technique allows us to calculate the
extinction coefficient, which is the sum of the absorption coefficient and the scat-
tering coefficient. From SLIPI measurements and this equation, we derive another
equation with two unknowns whose resolution yields multiple solutions. Using
the Kubelka-Munk equations here enables us to develop additional equations use-
ful for our experimental setup. These equations, collectively, provide more than
one solution to separate the absorption and scattering coefficients of the various

milk and coffee solutions selected for this study.

2. Materials and Methods
2.1. Sample Preparation

For the sample preparation, the coffee and milk solutions have been chosen. The

former for their specific scattering feature and the latter for their special absorbing
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feature. The solutions have been obtained according to the protocol described in
[24] and summarized in Table 1 and Table 2. The photographs of the samples are

presented in Figure 1 and Figure 2.

Table 1. Coffee sample preparation process.

Solutions Coffee dilutions Concentrations
1 ml = 6 g of coffee dissolved in V1 =450 ml of distilled water = Cl =ml/V1
2 V2 = 67.5 ml of solution 1 + 7.5 ml of distilled water Q=09 xCl
3 V3 = 60.0 ml of solution 1 + 15.0 ml of distilled water 3 =0.8%xCl
4 V4 = 52.5 ml of solution 1 + 22.5 ml of distilled water G4 =0.7 xCl
5 V5 = 45.0 ml of solution 1 + 30.0 ml of distilled water (5 =0.6 xCl
6 V6 = 37.5 ml of solution 1 + 37.5 ml of distilled water 6 =0.5xCl
7 V7 =30.0 ml of solution 1 + 45.0 ml of distilled water C7 =04 xCl
8 V8 = 22.5 ml of solution 1 + 52.5 ml of distilled water 8 =0.3xCl
9 V9 = 15.0 ml of solution 1 + 60.0 ml of distilled water A =0.2xClL
10 V10 = 7.5 ml of solution 1 + 67.5 ml of distilled water Cl0=0.1 xCl

Figure 1. Photograph of coffee solutions samples classified from right to left according to
the increasing order of turbidity.

Table 2. Milk sample preparation process.

Solutions Milk dilutions Concentrations
1 V1 = 5 ml of milk + 495 ml of distilled water Cl
2 V2 = 67.5 ml of solution 1 + 7.5 ml of distilled water Q2=09x%xCl
3 V3 = 60.0 ml of solution 1 + 15.0 ml of distilled water 3=0.8xCl
4 V4 = 52.5 ml of solution 1 + 22.5 ml of distilled water A =0.7xCl
5 V5 = 45.0 ml of solution 1 + 30.0 ml of distilled water C5=0.6 x Cl
6 V6 = 37.5 ml of solution 1 + 37.5 ml of distilled water 5=0.5x%x Cl
7 V7 =30.0 ml of solution 1 + 45.0 ml of distilled water C7=04x%xC1
8 V8 = 22.5 ml of solution 1 + 52.5 ml of distilled water B=03xCl
9 T = 15.0 ml of solution 1 + 60.0 ml of distilled water A=02xCl
10 V10 = 7.5 ml of solution 1 + 67.5 ml of distilled water Cl0=0.1xCl
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Figure 2. Photograph of milk solutions samples classified from right to left according to

the increasing order of turbidity.

2.2.SLIPI-1p

In this section the SLIPI-1p approach is briefly described in sections. The details
can be found in [27] and [28].

2.2.1. Experimental Device and Image Acquisition

A 450 nm or 638 nm continuous wave (CW) laser beam is used as the illumination
source. The incident wave intensity is adjusted by using a density wheel in order
to optimize the signal-to-noise ratio while avoiding saturation. Then, the beam is
magnified by a factor of 10 by using a telescope device that is made with a pair of
positive spherical lenses. An aperture is used to select the central part of the beam
where the spatial intensity profile is quite homogeneous. A positive cylindrical
lens with a focal length of 200 mm is used to create the sheet of laser light in the
basin (L: 40 mm, 1: 20 mm and h: 80 mm). To spatially modulate this sheet of laser
light, a 2 lines/mm Ronchi grating is directly attached to the basin. This limits bad
effects caused by near-field diffraction, known as the Talbot effect. A camera

whose field of view direction is 90° with the light propagation direction is used to

CW diode lasers '

Dichroic

mirror
Eraﬁgg Sperical lens
f=15mm

\— Spherical lens

f=150 mm
Structured

light sheet
Cuvette containi

sample
Ronchi
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Collimated beam

Cylindrical lens
f=200 mm

Figure 3. SLIPI-1p experimental device.
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capture the images. It is an Andor brand Luca (r) CCD camera, with 14-bit elec-
tron multiplication. The final image is the result of accumulating more than 100
images to a single frame. The exposure time is between 0.001 and 0.1 seconds to
optimize the dynamic range. The use of a Ronchi grating with 2 Ip/mm is justified
by its ability, in our experimental case, to spatially modulate light by generating a
periodic pattern of dark and light bands across the sample with a relatively low
spatial frequency (0.5 mm between each line), which is suitable for our study ma-
terials, such as milk and also for our camera. Indeed, the cut off frequency of the
camera is over the spatial frequency of the Ronchi grating. Figure 3 presents a
diagram of the experimental device.

2.2.2. Data Processing and the Extinction Coefficient Extraction

The SLIPI approach used in this study relies on an analysis tool known as syn-
chronous detection [29]. Synchronous detection, or lock-in amplifier,” is a com-
mon instrument used to address signal-to-noise ratio issues in research institutes
and laboratories. It is a very powerful tool where signals of interest can be detected
even if they are smaller than the accompanying noise signals. The lock-in ampli-
fier is also used to detect and measure very small AC signals down to nano-volts
or less, where noise remains a problem [30]. Synchronous detection is most often
associated with the analysis of temporally varying signals, but it also works well
for spatially modulated signals. To explain the principle of synchronous detection,
let’s consider a 1D signal, /(x), with a superimposed periodic variation of ampli-

tude I, in space:

I(x)=1;sin(2n9x+ @)+l (1)

where |, is the modulated light with a ballistic photonic signature; ¢ is the
spatial frequency (mm™) of the modulation, and ¢ is the spatial phase, which is
unknown. The term |, represents any undesirable non-modulated intensity
contribution also detected, such as multiple light scattering or any other sur-
rounding light sources. The goal of synchronous detection analysis is to extract
I, and reject |, . To achieve this, the signal (x) is multiplied by two reference

signals R, and R,, which are computationally generated with a relative phase
shift of m/2:

R, (x) =sin(2n9x) 2
R, (X) = cos(2m9x) (3)

By multiplying (x) by these reference signals, 1, and 1, are obtained.
I, (x)= % I (cos (@) —cos(4mIx+@))+ s sin(2mIx) (4)
,(x)= % Is (sin (@) +sin(4m9x +))+ 15 COS(2m9X) 5)

The frequency analysis of |, and |, reveals three components: (1) a non-
modulated component, (2) a component modulated at 24, and (3) another com-

ponent modulated at 9. The last two components can be removed using a low-
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pass filter in the Fourier domain, with a cutoff frequency below , resulting in

the following expressions

s €0s(¢) (6)

I sin(o) (7)

where the tilde indicates that frequency filtering has been applied. From these, the
SLIPI-1p image I, can finally be extracted by calculating:
Ig =212 +172 (8)

An illustration of the SLIPI-1p process is shown in Figure 4. The example dis-
plays the signal from a structured laser light sheet, with effective sections extracted
from two different depths, marked as A and B. A decrease in amplitude is observed
from column A to column B. The 1D Fourier transforms of curves A and B show
a reduction in the strength of the first-order peak (modulation frequency). This
frequency is then isolated using frequency filtering (red zone) after applying the
synchronous detection algorithm.

Finally, the exponential decay is revealed, as indicated in the SLIPI image and
the corresponding |, curve.

From a modulated image, the modulation amplitude is extracted using Equa-
tion (8). The modulated component, |, corresponds to the simple light diffusion
that decreases exponentially with distance. By applying an exponential fit to 1,
the extinction coefficient g, is directly extracted as indicated by the Beer-Lam-
bert-Bouguer law, which states that, assuming a collimated beam of a single wave-

length traverses a uniform medium, the transmittance 7'is given by:

|
T= I—‘ =gt =g P )
0

with 7 corresponding to the transmittance, which is a measure of light attenu-
ation along the distance L. |, represents the incident light measured using a
“blank” reference cuvette containing only the solvent. Then, I, is the transmit-
ted light, measured considering the solvent-solute mixture. Finally, u, istheex-
tinction coefficient and OD is the optical path length.

The extinction coefficient g, is the sum of the absorption coefficient s,
and the scattering coefficient z_, showed in the Equation (10).

He = Hy + Uy (10)

The absorption 4, anddiffusion g -coefficients are mixed in the extinction
coefficient by a sum. In this study we would like to separate them, it means calcu-
late both coefficients by only the use of SLIPI measurement.

A simple way to achieve it is to find another equation with the same unknown
parameters g, and g, to have a system of two equation with two unknown
parameters. That would permit to obtain x4, and g, with simple calculation.
In the following we obtain this second equation from the relations of the Kubeka-
Munk theory.
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Figure 4. Principle of the SLIPI processing method. A first row (I) presents an
original image obtained with the SLIPI set-up and the plot of the intensity at two
different deeps A and B in the sample which clearly shows that the contributions
of | are the periodic peaks. The second row (II) illustrates the reason of

choosing the first harmonic as cut off frequency to filter the signal. The last row
(III) presents the final SLIPI image and the comparison of the exponential decay
plots obtained from SLIPI and original images to show the improvement
achieved by the technique.

2.3. Kubelka-Munk theory and relationships

The Kubelka-Munk model is a two-flux radiative transfer model that predicts the
reflectance and transmittance of a homogeneous absorbing and scattering layer
illuminated by Lambertian radiation. We consider a thin substratum of depth dz
and we respectively denote 7and jas the downward and upward facing Lambertian
fluxes (see Figure 5). It is assumed that the variations of these fluxes are due to
absorption and scattering.

Kand Sare the Kubelka-Munk coefficients associated respectively with the ab-
sorption and scattering of the medium per length unit. As it gets into the layer of

depth dz, the downward flow 7 decreases by the amount (K +S)idz due to
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absorption and scattering, and it further increases by the amount Sidz due to
the backscattering loss of the upward flow j. The same reasoning on the upward
flow jleads to the following system of differential equations which can be solved
in several ways, for example by using the Laplace transformation [31] or the ma-

trix exponential method [32]:

di R

d—z——(K+S)|+SJ (11)
I siv(k+9)] (12)
dz

0 i(0)¢ Tj(O)

dz i(2) ()

h

v

Figure 5. Upward and downward flow through a thin substratum of depth dz.

Indeed, the relationship between KubelKa-Munk coefficients and transport co-
efficients has been examined by several researchers previously. They used the ra-
diative transfer equation as a starting point [33]-[35]. In this case the expression
for the KubelKa-Munk absorption coefficient Kis given by the Equation (13) asa
function of absorption coefficient i, [34] [36]-[38].

K=2u, (13)

On the other hand, the KubelKa-Munk scattering coefficient relation is ob-
tained by a semi-empirical approach. By using this approach, the relation is de-
rived for the case of incident collimated light. Thus, in isotropic domain, Klier and
Gate have shown that the scattering coefficient of KubelKa-Munk noted S can be
expressed as a function of the scattering coefficient x, by the following expres-
sion:

3

53 14
7t (14)

With the local optical characteristics K'and Sassumed to be independent of the
medium depth, Kubelka-Munk defines the following parameters [34] [36]-[39]:

a=K(K+29) (15)

K
K+2S

B= (16)

We note, in addition, that the calculation of the coefficients has been standard-
ized (ISO standard) following the method proposed by Kubelka-Munk [40]. Also
it should be said that the Kubelka-Munk theory is one of the theories based on the
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scattering approximation and is widely used to obtain the optical properties from
the measured reflectance spectra. Today this theory is widely used in the fields of
multispectral imaging or structured illumination [12] to measure the optical prop-
erties of certain media such as turbid media. Moreover, the advantage of this theory
is that it provides simple analytical expressions to obtain the optical parameters
from the measured total reflectance or transmittance of a diffusive medium [37].
However, the conditions for the application of the Kubelka-Munk theory require a
diffuse or collimated, monochromatic and isotropic light source. Also the sample
must be homogeneously and isotropically absorbing or scattering. This corre-
sponds perfectly to the SLIPI-1p technique. Thus we can say that the conditions of
these equations use are applicable to SLIPI-1p.

2.4. Technique for Calculating Absorption Coefficient and
Diffusion Coefficient

Beer Lambert’s law exploited by the SLIPI-1p method allows the determination of
the extinction coefficient g, from the measurements made by transmittance.
However, let us notify here that our medium being isotropic with a detection angle
of /2, we obtain an anisotropy factor g =0 which leads to an equality between
the reduced scattering coefficient . and the scattering coefficient x as sug-
gested by the Equation (17) from [36].

H=u(1-9) (17)

The relationship between the extinction coefficient 4, , the absorption coeffi-
cient u, and the scattering coefficient x4 given by the Equation (10) does not
allow the calculation of the other two coefficients [41]. We end up with an equa-
tion with two unknowns. A simple calculation would consist in finding a second
equation with the same unknowns. The contribution of KubelKa-Munk’s rela-
tions in this study is therefore this second equation that allows us to calculate eas-
ily the absorption coefficient z, and the scattering coefficient g, . Therefore,
the relationships between the Kubelka-Munk coefficients, x4, and g, are in-
troduced [34] [36]-[38]. In the case of an isotropic medium, these relations are
given by the Equations (13) and (14) where K is the fraction of the flux that is
absorbed and S'is the fraction of the flux that is scattered.

Substituting the Equations (13) and (14) into the Equations (15) and (16), we
have the expressions for « and S asa functionof x4, and g given by the
Equations (18) and (19).

o =ty (Bp, +3p) (18)

4
f= |t (19)
4, +3u
Thus
4u, +3
Z — :ua ILIS (20)
p 2
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a-f=2u, (21)
From the Equation (10), we can derive the relation
Au, +3u, =, +3u, (22)

This relation is replaced in the Equations (19) and (20) to obtain the expression

of o asafunctionof £, u, and g, given by the Equation (21).

_ B +34,)

> (23)

The expression for « thus obtained is replaced in the Equation (20) and an
expression for g, asafunctionof S and g, given by the Equation (11) is
derived.
35°

Ha =7 7 —— U, (24)

The Equation (1) and (11) are then used to obtain the Equation (12) which is
the expression for 4 asa functionof £ and g,.
41-#)
ey (25)
The expressions for g, and g, are obtained as a function of g, which is
the measurement that is therefore known and /£ asan unknown parameter. The
idea is to find an estimate of the parameter /. It is easy to notice that we obtain
a function ¢ ( Y23 ) that is given by the Equation (24) when we perform the calcu-
lation g, — 1, .

_4- 7ﬁ
9(B) =7

The variations of this function combined with >0 ; —u, <y, —p, < pu,

(26)

and impose a value of £ between 0 and 1 with:

e fe [0,%{ » Mg > i, S0, this is the range of S values for more scattering
media;

e fe }%,]{ » Mg < [, > S0, this is the range of [ values for more absorbent

media.
The use of the relations between the KubelKa-Munk coefficients and the radia-
tive transfer coefficients of the light imposes the case of a preponderant diffusion.
We can therefore write:

Ha_ 8B

Hs 4 (1_ ﬁz )

¢ theratioof g, to g, isaverysmall value in terms of which we estimate
from (27)

<l~¢ (27)

4g
3+4¢

B< (28)
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The calculation of x4, and g, required to know the value of f. A direct cal-
culation is not possible but £ can be estimated as suggested by the inequation
(28). Therefore, the estimated value of S only depend on the accuracy of the esti-
mation of & . In a context of mathematical situations called precision or tolerance,
& must be chosen as a threshold to minimize or compare the two physical param-
eters obtained [42]-[44] and its current value is 10~ which leadsto /8 ~ 0.036 . This
value of ¢ can be adjusted according to the accuracy requirements and the char-
acteristics of the problem. In the case of this study, we choose to directly ensure of
the accuracy of . Our approach was to calculate S from the Equation (27) us-
ing the value of g, and g found in the literature for the media used it means
milk and coffee. The value found is of the order of 0.03 with respect to milk of a
strongly scattering nature [45]-[49] that permit to confirm £ ~0.036.

We can overlook the fact that the relationships between the KubelKa-Munk co-
efficients and the radiative transfer coefficients are largely obtained in the case of
predominantly diffusion and rigorously obtain £ ~0.999 for the calculation of

4, and g for highly absorbing solutions such as coffee.

3. Results

We developed an analytical method for separately evaluating the diffusion coeffi-
cient and the absorption coefficient from measurements of the extinction coeffi-
cient at 450 nm and 638 nm. We applied this technique to solutions of milk and
coffee, two media known for their high scattering and absorption capacities re-
spectively. Measurements carried out on the milk and coffee samples using the
SLIPI-1p method described in the previous sections were used to obtain the ex-
tinction coefficients. Equations (24) and (25) are then used to calculate the ab-
sorption and diffusion coefficients. The different values (mm™) obtained at 450
nm and 638 nm are given in Table 3 for the milk solutions and Table 4 for the
coffee solutions.

Table 3. Values of absorption, scattering and extinction coefficients of milk solutions.

Coefficients at 450 nm Coefficients at 638 nm
Milk Solutions

He Hs Hy He Hs Hy
1 2.0467 2.0447 0.0020 1.1431 1.1420 0.0011
2 1.8870 1.8852 0.0018 1.0455 1.0445 0.0010
3 1.7677 1.7660 0.0017 0.9378 0.9369 0.0009
4 1.5883 1.5868 0.0015 0.8353 0.8345 0.0008
5 1.3626 1.3613 0.0013 0.7301 0.7294 0.0007
6 1.1676 1.1665 0.0011 0.6103 0.6097 0.0006
7 0.9502 0.9493 0.0009 0.5018 0.5012 0.0005
8 0.7125 0.7118 0.0007 0.3769 0.3765 0.0004
9 0.5032 0.5029 0.0005 0.2614 0.2611 0.0003
10 0.2561 0.2558 0.0003 0.1366 0.1365 0.0001
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The results show significant variability in the extinction, absorption and diffu-
sion coefficients as a function of the characteristics of the media studied. Table 3
and Table 4 show a progressive decrease in the scattering and absorption coeffi-
cients with increasing dilution of the milk and coffee solutions at both 450 nm
and 638 nm. These variations are consistent with expectations, given that the con-
centration of dispersing particles in the milk solutions directly influences these
coefficients and is also indicative of the optical behaviour of coffee, a predomi-

nantly absorbing medium.

Table 4. Values of absorption, scattering and extinction coefficients of coffee solutions.

Coefficients at 450 nm Coefficients at 638 nm
Coffee Solutions

K, K, y e A A
1 2.1503 0.0057 2.1446 0.8374 0.0022 0.8352
2 1.9539 0.0052 1.9487 0.7201 0.0019 0.7182
3 1.7526 0.0047 1.7479 0.6511 0.0017 0.6423
4 1.5453 0.0041 1.5412 0.5640 0.0015 0.5629
5 1.3124 0.0035 1.3089 0.4803 0.0013 0.4791
6 1.1018 0.0029 1.0989 0.4061 0.0011 0.4049
7 0.8202 0.0022 0.8180 0.2996 0.0008 0.2988
8 0.6504 0.0017 0.6487 0.2403 0.0006 0.2397
9 0.4213 0.0011 0.4202 0.146 0.0004 0.1456
10 0.1890 0.0005 0.1885 0.0701 0.0002 0.0699

4. Discussion

The results obtained for milk and coffee solutions, presented in Table 3 and Table
4, provide essential information on the optical properties of these media. This
study highlights the marked differences between the behaviour of a scattering me-
dium (milk) and an absorbing medium (coffee), which enriches our understand-
ing of light-matter interactions.

Analysis of the absorption and scattering coefficients obtained at 450 nm shows
that the scattering values measured for milk, corresponding to reduced scattering
coefficients, are close to those reported in previous studies [46]-[49], although
distinct. On the other hand, the absorption coefficients are slightly higher than
those in the literature, a difference that can be attributed to the quality of the milk
used, its manufacturing process (around 9.6% fat) and the sampling conditions.
These variations can also be influenced by the wavelength, which affects the ab-
sorption and diffusion coefficients.

The measured coefficients show distinct behaviours depending on the type of
solution. For milk, the high scattering values at 450 nm indicate strong scattering
due to the presence of dispersed particles. Conversely, the results for coffee reveal

much higher absorption coefficients, which is consistent with previous studies
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showing that pigment rich media such as coffee absorb light efficiently in the blue
region [50]. With increasing dilution, there is a progressive decrease in the extinc-
tion, absorption and scattering coefficients in both media. For milk solutions, this
decrease is linked to a reduction in the concentration of scattering particles, while
for coffee it is explained by a decrease in the quantity of absorbing chromophores.
As Tuchin [51] points out, optically turbid media such as milk and coffee show
predictable behaviour as a function of their component concentration, underlin-
ing the importance of this concentration in the analysis of optical properties.

At higher wavelengths, such as 638 nm, the measured coefficients are signifi-
cantly lower, reflecting less interaction of red light with the chromophoric com-
ponents of coffee. This is consistent with previous studies on coffee extracts [52]
and illustrates the variability of light interactions as a function of wavelength, as
also shown by Nascimento et a/. [53], with chromophores absorbing specifically
at certain wavelengths.

The method developed in this study enables the determination of the absorp-
tion coefficient (u.) and scattering coefficient (4;) from simple measurements of
the extinction coefficient (). These two coefficients, initially unknowns in the
equation, represent fundamental physical properties of the media studied. The
absorption coefficient (u,) corresponds to the medium’s intrinsic ability to absorb
light, which depends on molecular characteristics and the chromophores present,
as observed in coffee solutions. In contrast, the scattering coefficient () reflects
the extent of light scattering, influenced by the size, concentration, and distribu-
tion of suspended particles, as demonstrated in the case of milk.

Solving for these two coefficients adds significant value, as it provides a deeper
understanding of each mechanism’s contribution (absorption vs. scattering) to
the overall extinction coefficient (x.). This distinction is crucial for analyzing me-
dia where one of these parameters may dominate, such as milk (high scattering)
and coffee (high absorption). The ability to obtain separate values for pa and ps
solely from pe represents a notable advancement over traditional methods, which
generally require multiple complementary measurements to isolate each coeffi-
cient.

Thus, this study demonstrates that highly scattering and concentrated or ab-
sorbing and concentrated media can have their optical properties measured effec-
tively. Eliminating the contributions of multiple scattering in the dense liquid me-
dium under study allows for direct measurement of the absorption and scattering
coefficients, unlike conventional techniques, giving the proposed method an ad-

vantage for future optical characterization studies.

5. Conclusions

This study presents a new method to independently calculate the absorption and
diffusion coefficients of dense, highly absorbing or scattering liquid media, such
as milk and coffee. Using a continuous-wave He-Ne laser beam at wavelengths of
450 nm and 638 nm, and applying a combination of the single-phase SLIPI
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technique with Kubelka-Munk relations, we obtained consistent and conclusive
results, demonstrating the effectiveness of this approach both experimentally and
theoretically.

Our results emphasize the critical importance of wavelength in light-matter in-
teractions for these media. This technique revealed distinct optical behaviors de-
pending on the nature of the solutions and the wavelength, providing a precise
insight into the mechanisms of absorption and diffusion. While our current
method is limited to optically homogeneous media with high absorption or scat-
tering properties, future research will aim to adapt and extend this technique to
liquids exhibiting mixed optical properties, thereby enriching the possibilities for
analysis.

The potential applications of this approach are promising, particularly in the
field of food quality control, where it could help optimize production processes
based on variations in optical properties. For example, in the coffee industry, an
increase in the absorption coefficient could indicate changes in the quality of
roasting or beans, directly influencing taste and aroma. In the dairy sector, distinct
measurement of absorption and diffusion coefficients could be used to assess milk
quality, highlighting changes related to the manufacturing or preservation pro-
cess.

Furthermore, this study opens new perspectives for exploring absorption and
diffusion phenomena in dense and anisotropic media, contributing to a better un-
derstanding of complex optical interactions. These advancements will not only
refine our methods for a variety of media but also extend the scope of this tech-

nique to diverse sectors, in alignment with our broader research objectives.
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