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Tissue-mimicking materials, also known as phantoms, are widely utilized for device development, testing, 
performance assessment, calibration, and training, particularly in the medical industry. Phantoms are utilized as reference 
test materials in these investigations. Phantoms must be designed for whatever function they are intended to serve. For 
example, if they are to be used in the ultrasound field, they must have acoustical characterization, if they are to be used in 
the optical field, they must have optical characterization, and if they are to be used in the microwave field, they must 
have characterization of their dielectric properties. They must also be produced in line with the required characteristics of 
the tissues and organs for which they will be utilized and assessed as true phantoms. Three fundamental metrics, absorption 
coefficient, reduced scattering coefficient, and anisotropy factor, are regarded differentiating properties in optical 
characterization and are referred to as microscopic optical qualities in the literature. The macroscopic optical properties of 
the muscle phantom, such as absorbance, transmittance, reflectance, refractive index, and attenuation coefficient, were 
investigated using a spectrometer with a broadband white light source and a single integrating sphere in the wavelength 
range of 200 nm to 1000 nm. Then, using the Kubelka-Munk Function method, microscopic optical features such as 
absorption coefficient, scattering coefficient, and reduced scattering coefficient were estimated in the wavelength range of 
200 nm to 1000 nm based on the data of these macroscopic characteristics.  In this study, the findings of the macroscopic 
and microscopic optical properties of a muscle phantom, which are also compatible with the literature data, will be 
presented. 

Keywords: Muscle Phantom, Microscopic and Macroscopic Optical Properties, Optical Characterization, Spectrometer, 
Single Integrating Sphere, Broadband White Light Source. 

INTRODUCTION 

Today, due to its non-invasive nature, optical 
technologies have started to be used more in the field 
of diagnosis, treatment and surgery in the medical field. 
Examples of these are clinical functional optical 
imaging such as spectroscopy and optical coherence 
tomography, laser surgery and phototherapy devices. 
For example, visualization of blood vessels and 
microcirculation, monitoring of blood oxygenation and 
tissue metabolism, imaging of skin cancer, drug 
tracking, and micro-vessel and particle distribution in 
diagnostic; photodynamic therapy (PDT), low level 
laser therapy (LLLT) and photothermal therapy (PTT) 
in therapy; In surgery, tissue laser ablation, coagulation 
and cutting can be given. However, the effective use of 
these devices in human tissues depends on a good study 
of tissue-light interactions. In other words, there is a 
great need for reliable data on the optical properties of 
human tissues and the prediction of light-absorbed 
energy distributions. For this reason, many new 
methods and techniques are being developed and 
investigated in the field of biomedical optics for the 
investigation of the optical properties of human tissues 
[1]. 

In the literature, there are many publications on 
the determination of optical properties of human and 
animal tissues such as skin and muscle [2], liver [3], 
lung [4], kidney [5], heart [6], brain [7], breast [8], 
blood vessel [9], prostate [10], bowel[11], bladder [12], 
bone [13] and tumor tissue [14]. 

Biological tissues are basically turbid in terms of 
optical transparency. Therefore, it is not easy to 
measure the optical properties of this complex turbid 
medium. These turbid environments are defined 
through fundamental optical properties such as 
scattering and absorption components, and these 
properties of biological tissues constitute an important 
research tool in biomedical diagnosis and therapy. 
So, accurate measurements of the optical properties of 
the turbid medium are important and typically, the light 
distribution in a diffuse medium can be modelled based 
on its intrinsic optical properties, including absorption 
coefficient (μα), scattering coefficient (μs), anisotropy 
factor (g) and reduced scattering coefficient (μs′) [15-
17]. 

 There are generally two types of experimental 
techniques, direct and indirect, to measure the optical 
properties of tissues. Direct methods do not require any 
supporting models for the radiative transfer process and 
rely solely on experimental results. Whereas, indirect 
(inverse) methods always use a theoretical light 
scattering model used with experiment.The basic 
description underlying these experimental methods 
requires either measuring the emitted reflection from an 
irradiated turbid sample or transmittance through it 
[16]. Thus, to summarize, tissues are characterized in 
vitro using techniques such as the solution of the 
radiative transfer equation,  integrating sphere 
spectroscopy, Kubelka-Munk (KM) model, the inverse 
adding-doubling (IAD) method and the inverse Monte 
Carlo (IMC) simulation [1, 17- 22]. 
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Tissue-mimicking materials (TMMs) or tissue 
phantoms are widely used in the biomedical research 
area especially at thermo-acoustical [23-26] and optical 
research [27-30] as a test model. 

 The definition of the phantom is made as “any 
apparatus or material that mimics the operation or 
physical properties of human systems or tissues”. 
Although it is possible to use real tissues directly in 
experiments, this is not a logical method. Instead, 
working with artificial materials that simulate the 
physical properties (such as acoustical, optical, 
mechanical and thermal, etc.) of human tissues 
provides many benefits. Therefore, phantoms enable 
systematic testing and controlled optimization of new 
measurement methodologies before being tested on 
living things such as animals or humans. The use of 
phantoms enables simulation for systems at different 
complexity levels or human tissues. The use of 
phantoms in initial tests instead of biological materials 
provides an effective alternative to medical research. 
Therefore, after the initial results on phantoms are 
positive, real tissues can be used. After this stage, 
animal experiments (laboratory mice in general) are 
usually performed, and then the tests are performed on 
humans [31]. 

 In the optical field, phantoms are used in various 
forms such as the development of imaging techniques 
and image-guided interventions, system validation, 
optimization, stability assessment, medical device 
calibration, verification, and clinical training [32-34]. 

Muscles in the human body have a unique 
structure and serve a specific purpose. There are around 
600 muscles in the human body, accounting for about 
40% of the total weight. Thousands or tens of thousands 
of tiny muscle fibers make up each muscle. A nerve 
controls each muscle fiber and permits the muscle to 
contract. In the human body, there are three types of 
muscles. These are heart muscle, smooth muscle, and 
skeletal muscle. Only skeletal muscles are voluntary, 
meaning they can be controlled consciously. Smooth 
and cardiac muscles are uncontrollably active. Skeletal 
muscle is a type of muscle that moves bones and other 
tissues. Skeletal muscles contract and relax, cling to the 
bones, and react to voluntary nervous system 
instructions. Internal organs can function thanks to 
smooth muscle tissue, which is found in organs like the 
stomach and bladder. The heart muscle contracts to 
pump blood around the body. Moving, standing, 
talking, breathing, chewing and digesting food, 
pumping blood in the heart, perceiving an item, and 
regulating our body temperature all require the 
muscular system. As a result, the muscular system is a 
sophisticated muscle network that is essential to the 
human body's survival. Eleven major functions are 
performed by the muscular system. Mobility, Stability, 
Posture, Circulation, Respiration, Digestion, Urination, 
Birth, Vision, Organ Protection, and Temperature 
Adjustment are among the functions stated [35-36]. 

The Kubelka-Munk model is a widely used 
theoretical reflectance model in optics. It is assumed in 
this model that some light traveling through a 
homogeneous sample is dispersed and absorbed in two 
directions, weakening the light. A two-flux approach to 

universal radiation transfer theory is the Kubelka-Munk 
model. The K - M scattering and absorption 
coefficients, which are denoted as S and K, 
respectively, describe the propagation of up and down 
fluxes. Radiation transfer models have been widely 
used to define the optical characteristics of light-
scattering materials. The Kubelka and Munk model is 
one of the most successful and straightforward 
models. The optical characteristics of particulate films 
under diffused light may be calculated using this 
model, which uses the material's effective absorption 
and scattering coefficients. The Kubelka–Munk model 
has a wide range of applications in materials analysis, 
including paints, pigmented plastics or polymers, 
decorative and protective coatings, solar-absorbing 
pigments and paints, human tissue, leaves, biological 
systems, crystalline materials, solids, powders, fibrers 
and wool, papers, thermal insulation, and optical 
properties. The optical characteristics of the coating are 
considered to be represented by two constants in this 
model, the absorption and scattering coefficients [37-
40]. The absorption coefficient (µa), scattering 
coefficient (µs), and scattering anisotropy factor (g) of 
tissue are the major variables influencing light 
propagation in the tissue. The degree of these 
characteristics is influenced by both tissue structure 
(scattering) and chromophore content (absorption) 
[41]. Three fundamental parameters are regarded 
differentiating features in optical characterization: 
absorption coefficient, reduced scattering coefficient, 
and anisotropy factor, and these parameters are referred 
to as microscopic optical properties in the literature 
[42]. 

In this study, macroscopic optical properties of 
muscle phantom such as absorbance, transmittance, 
reflection, refractive index and attenuation coefficient 
were investigated using a spectrometer with a single 
integrated sphere and a broadband white light source in 
the wavelength range of 200 nm to 1000 nm. Then, 
using the Kubelka-Munk Function method, 
microscopic optical properties such as absorption 
coefficient, scattering coefficient and reduced 
scattering coefficient were determined based on the 
data of these macroscopic properties. The fact that the 
microscopic optical properties determined based on 
very complex processes are relatively easier to detect 
using the Kubelka-Munk Function method is an 
important feature that distinguishes the study from its 
counterparts. 

METHODOLOGY 

In this study, the muscle phantom, a compact 
spectrometer, a broadband stabilized fiber-coupled 
white light source, a single integrating sphere and 
Thorlabs OSA software for optical evaluation were 
used. All experiments were performed under controlled 
laboratory ambient conditions. 

PREPARATION OF MUSCLE PHANTOM 

Tissue-Mimicking Material (TMM) is commonly 
employed as a test object in biomedical research 
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because of its capacity to imitate biological soft tissues. 
In this study, we used a muscle phantom identical to the 
one published by Gutierrez et al. [43]. The phantom's 
muscle-mimicking features were also validated 
acoustically. The sound speed was measured as 1550.9 
48.4 m/s (Ref: 1547 m/s [44]). The phantom was 
prepared as follows. In a container, 2.3 g of agar and 
10.7 g of aluminum oxide are combined with 125 mL 
of distilled water. With the aid of fish, the magnetic 
stirrer is progressively raised to 400 revolutions per 
minute. The temperature of the solution is raised until 
it reaches 80 degrees Celsius. When it hits 80 °C, the 
heat is turned off, and the temperature of the solution is 
anticipated to drop to 60 °C. A syringe is used to add 
10 mL of glycerin to the solution at 60 °C. In the 
meantime, the solution is still being combined with the 

fish. When the solution reaches 40 degrees Celsius, it 
is poured into the phantom mold and let to freeze. 
Thickness of the muscle phantom specimen cut out as 
a sample was 20 mm.  

THE OPTICAL CHARACTERIZATION SETUP 

Optical equipment included a compact 
spectrometer (Thorlabs, CCS200/M) with a wavelength 
range of 200 nm to 1000 nm, a broadband stabilized 
fiber-coupled white light source (Thorlabs, 
SLS201L/M), and a single integrating sphere (Thorlabs 
IS200 type 2” integrating sphere). Figure 1 shows the 
experiment set-up, and Figure 2 shows how all the 
optical measurements and computations were realized 
using Thorlabs OSA software and MS Excel.

a) 

b) 

Fig. 1.  a) A picture showing the phantom measurement; b) Experiment set-up. 1-experimental table, 2-light source, 3-sample 
  (phantom or TMM), 4-single integrating sphere, 5-compact spectrometer, 6-computer and 7-computer monitor. 

ASSESSMENT OF THE OPTICAL DATA 

First, the spectrum of the incoming light was 
obtained during the measurement. The light spectrum 
was received in the absence of the phantom material in 
the experimental setup for this. To remove the 
background noise in the dark environment, the same 
procedure was applied. The primary signal was then 
taken by subtracting the dark from the light. The 
phantom was then placed to the system, and the 
phantom's spectrum was recorded. The dark, which is 
background noise, was then eliminated to produce the 

real phantom signal. The Io data is represented by the 
main signal, while the I signal is represented by the real 
phantom signal. Consequently, the following given 
formulas were used to extract macroscopic and 
microscopic optical characteristics from the acquired 
Main Signal (Light-Dark) and Real Phantom 
(Phantom-Dark) data.  

CALCULATION OF OPTICAL PROPERTIES 

Macroscopic optical properties such as absorbance, 
transmittance, reflectance, the refractive index, and 
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linear attenuation coefficient were measured and 
calculated by using the following formulas. 

R+T+A =1 or  %R+%T+%A = %100 [45] (1) 

Absorbance, 
A;  A=-log(I/I0)=-log(T)=2-log(%T) [46] (2) 

Transmittance, T; T = I/I0 [46] (3) 

Reflectance, R; R=1-(A+T) [45] (4) 

Reflectance, R =  (n−1)2

(n+1)2
,  [45] (5) 

where n is the Refractive Index. 

I = I0e−μx, μ = −
ln I

I0
x

 [47] (6) 

Where µ is the Linear Attenuation Coefficient. 
The related microscopic optical formulas used in the 

calculations for absorption coefficient, scattering 
coefficient, reduced scattering coefficient, total 
attenuation coefficient and effective penetration depth 
are as in the following. 

The Kubelka-Munk Function is given by; 

𝐹𝐹(𝑅𝑅) = (1−𝑅𝑅)2

2𝑅𝑅
= 𝑘𝑘

𝑠𝑠
 [48] (7) 

where R = Reflectance, k= Absorption Coefficient, 
s=Scattering Coefficient. 

The total attenuation coefficient is described by; 

𝜇𝜇 = 𝜇𝜇𝑡𝑡 =  𝜇𝜇𝑎𝑎 + 𝜇𝜇𝑠𝑠 [49] (8) 

Where 𝜇𝜇𝑎𝑎 is Absorption Coefficient and 𝜇𝜇𝑠𝑠 is 
Scattering Coefficient. 

That is, k=𝜇𝜇𝑎𝑎 and s=𝜇𝜇𝑠𝑠 can be matched by using 
(7) and (8) formulas. 

The reduced scattering coefficient ( 𝜇𝜇𝑠𝑠′  ) is defined 
by the following equation. 

𝜇𝜇𝑠𝑠′ = (1 − 𝑔𝑔)𝜇𝜇𝑠𝑠 [50] (9) 

Where g is the anisotropy factor. The g value of 
the phantom was used as 0.98 for the muscle phantom. 

RESULTS AND DISCUSSION 

Measurement results of macroscopic and 
microscopic optical parameters found in the study have 
been given below. 

MEASUREMENT RESULTS OF 
MACROSCOPIC OPTICAL PARAMETERS 

The typical determined macroscopic optical 
characteristics of the muscle phantom such as 
absorbance, transmittance, reflectance, refractive 
index, and optical linear attenuation coefficient can be 
seen from Figure 2 to Figure 6.

Fig. 2.  Absorbance Spectrum of Muscle Phantom. 
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Fig. 3.  Transmittance Spectrum of Muscle Phantom. 

Fig. 4.  Reflectance Spectrum of Muscle Phantom. 
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Fig. 5.  Refractive Index Spectrum of Muscle Phantom. 

Fig. 6.  Linear Attenuation Coefficient Spectrum of Muscle Phantom. 

MEASUREMENT RESULTS OF MICROSCOPIC OPTICAL PARAMETERS 

Figures 7 to 10 show the muscle phantom’ typical determined microscopic optical characteristics such as 
absorption coefficient, scattering coefficient, and decreased scattering coefficient. 

Fig. 7.  Scattering Coefficient Spectrum of Muscle Phantom. 
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Fig. 8.  Absorption Coefficient Spectrum of Muscle Phantom. 

Fig. 9.  Reduced Scattering Coefficient Spectrum of Muscle Phantom. 

OPTICAL AND ACOUSTICAL PROPERTIES 
MEASUREMENTS 

At least 6 measurements were taken while 
determining the optical properties of the muscle 
phantom. Typically, only one measurement is shown in 

the graphs shown above. Therefore, when we evaluate 
all the measurements together, the macroscopic optical 
properties of muscle phantom such as absorbance, 
transmittance, reflectance, refractive index and 
attenuation coefficient were calculated as average in 
the Table I.  

Table I. 
The measured macroscopic optical properties of the muscle phantom as average 

Phantom Transmittance T Absorbance A Reflectance R Refractive 
Index 

Muscle 0.71 ± 0.08 0.20 ± 0.03 0.09 ± 0.04 1.87 ± 0.28 
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By using these macroscopic optical properties, 
microscopic optical properties such as absorption 
coefficient, scattering coefficient, reduced scattering 
coefficient and total attenuation coefficient were 
calculated via Kubelka-Munk Function approach. We 
calculated 𝜇𝜇𝑡𝑡 from formula (6) and we know                  
R = reflectance value, then we can solve these two 
equation [(7) and (8)] and find 𝜇𝜇𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝜇𝜇𝑠𝑠.  By the way, 

while calculating reduced scattering coefficient, we 
used 0.98 value for the muscle phantom. So, when we 
evaluate all the measurements together, the 
microscopic optical properties of muscle phantom such 
as absorption coefficient, scattering coefficient, the 
reduced scattering coefficient, and total attenuation 
coefficient were calculated as average in the Table II. 

Table II. 
The calculated microscopic optical properties of muscle phantom at around maximum absorbance peak. 

Phantom 
Absorption 
Coefficient, 

 𝜇𝜇𝑎𝑎, cm-1 

Scattering 
Coefficient,  
𝜇𝜇𝑠𝑠, cm-1 

Reduced 
Scattering 

Coefficient, 
𝜇𝜇𝑠𝑠′ , cm-1 

Total Attenuation 
Coefficient,  
𝜇𝜇𝑡𝑡, cm-1 

Muscle 0.67 ± 0.14 0.14 ± 0.05 0.003 ± 0.001 0.82 ± 0.09 

The produced muscle phantom was also 
ultrasonically tested by the pulse-echo method and the 
sound velocity was measured as 1550.9 ± 48.4 m/s. 

DISCUSSION 

In this study, macroscopic and microscopic 
optical properties of muscle phantom were investigated 
using a spectrometer with a single integrated sphere and 
a broadband white light source in the wavelength range 
of 200 nm to 1000 nm. In fact, spectra were originally 
taken between 200 nm and 1000 nm. However, since 
the resolution of the signals was very high, the noise 
level was also very high. Moving average of the data 
was taken to reduce the noise level and get more 
smoother signals. For this reason, the spectrum range in 
the graphics was obtained between 400 nm and 1000 
nm. All the experiments done for optical measurements 
were carried out under controlled laboratory ambient 
conditions (Temperature was 23.5 °C ± 0.2 °C, and 
relative humidity was 50 rh% ± 2 rh%). 

The fact that the phantom has the characteristics 
of a muscle phantom has been also verified with the 
literature by making both acoustical and optical 
measurements. The produced phantom was 
ultrasonically tested by the pulse-echo method in our 
laboratory and the sound velocity of 1547 m/s [51] 
declared in the literature for the muscle phantom was 
measured as 1550.9 m/s ± 48.4 m/s. Again, for optical 
characterization, the absorption coefficient can be 

taken as a reference. The absorbance peak values we 
found for the muscle phantom were in the range of 
733.10 nm ± 57.33 nm and the absorption coefficient 
was found to be 0.067 mm-1 ± 0.014 mm-1. The 
determined absorption coefficient value is in good 
agreement with the values given in the literature. For 
example, the absorption coefficients found for muscle 
tissue (e.g., porcine muscle and bovine muscle) 
performed as an in vitro study on animal tissues range 
from 0.053 mm-1 to 0.065 mm-1[52]. 

As can be seen from the measurement results, the 
phantom sample is mostly opaque in the wavelength 
range of visible region and more absorption was 
observed at only around 733 nm. This shows that the 
material pigment forming the phantom has selective 
absorption at that wavelength. In addition, the opto-
acoustical characterization results of the examined 
phantom were also found to be quite compatible with 
the values given in the literature. 

CONCLUSION 

In this study, the macroscopic and microscopic 
optical properties of the muscle phantom were 
determined using the method of Kubelka-Munk 
Function approach. In conclusion, optical 
characterization of phantoms can be easily done with 
this method and this method can also be applied to 
many kinds of phantom. 
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