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In our manuscript, we carry out the Mueller matrix polarimetry for the characterization of wood and polyte-
trafluoroethylene (PTFE) or Teflon flat samples. Polarization measurements allows to enhance the imaging con-
trast of the anisotropic wood (Horizontal (H) and Vertical (V)) superficial fibers tissues and isotropic material
(Teflon). We study the polarization‐sensitive parameters for better investigations of the micro‐ and macro‐
structural and optical properties of complex tissues. The polarization imaging methodology has evolved to
accept increasingly complex parametric measurements. The Mueller matrix is now generally calculated using
a polarimetry technique. Herein, we attempt to study the difference between wood H, wood V, and Teflon sam-
ples. We calculated 3� 3 Mueller matrix, which can be used to describe an intuitive overview of the material
characteristics. We have interpreted our experimental results of Mueller matrix coefficients in terms of graph-
ical representation using two different approaches named MS1 and MS2. This study gives us a new idea on the
contrast mechanisms of polarization‐sensitive measurements for different samples wood H, wood V, and Teflon
and may provide new and simple diagnostic techniques for biological applications.
1. Introduction

The advancement of biomedical diagnostic optical techniques is
significant current research interest, as optical methods can promote
non‐invasive and quantitative diagnosis (Liu et al., 1992; Vo, 2014;
Fujimoto and Farkas, 2009; Batool et al., 2020c). For optical analysis,
the Mueller matrix polarimetric techniques are commonly used for the
characterization of the biological tissues (Tuchin, 2016; Alali and
Vitkin, 2015). The polarization parameters of light reflected from ani-
sotropic sample (wood) and isotropic sample (Teflon) are useful for
the morphological information in the biomedical field. But optical
inspection of the isotropic/ anisotropic samples faces formidable chal-
lenges due to multiple scattering events and numerical elaboration of
measurements with different polarizations in terms of unique and
authentic interpretation of the Mueller matrix for biological diagnos-
tics (Saarinen and Muinonen, 2011; Kienle et al., 2008).

In biomedical diagnosis (Batool et al., 2020d; , Batool et al.,
2021a), polarimetric methods have also gained more attention
recently, because the polarization of light scattering from the fibrous
tissues provides additional diagnostic details that can not be derived
from the blind polarization measurements. For example, the anisotro-
pic material samples with their fibrous structure lead to the phenom-
ena of linear birefringence (or linear retardance). Similarly, muscle
fibers and protein collagens possess fibrous structure also demonstrate
linear birefringence. The optical birefringence properties are changed
by changes in the fibrous structure from disease development or treat-
ment response, making this a potentially responsive tissue status probe
(Zaffar and Pradhan, 2020; Yu et al., 2020; Gurjar et al., 2001). The
Mueller matrix expresses the transfer function of an optical system,
after its interactions with polarized light. It contains all information
about the polarization properties and characteristics of the samples
(Gurjar et al., 2001). We have been investigating the use of an
expanded Mueller matrix interpretational approach to the polarimetry
characteristics of the tissues can be potentially serve as a useful biolog-
ical treatment.

In the last decade, the scattering applications (Batool et al., 2020a;
Mangini and Tedeschi, 2017; Batool et al., 2020b, 2018) have
achieved great progress for the investigation of biological structures
(Fratzl et al., 1997). It can push for more complex structural character-
ization of the material based on biomedical diagnostic techniques
me, Italy.
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Fig. 2. Representation of wood-H, wood-V, and Teflon samples.
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including polarization imaging and spectroscopy, amplitude and inten-
sity of light scattering matrix measurements and polarization‐sensitive
optical coherence tomography (De Boer and Milner, 2002). The polar-
ization optical methods are essential quantitative studies in biomedical
diagnostics. The fibrous tissues can analyzed with the corresponding
models showing linear and circular birefringence, dichroism and, chi-
rality (Johnson and Guy, 1972).

Optical polarization imaging is popular convenient non‐invasive
technique for the detection of biological structures. The ultimate goal
is the detection of millimeter‐sized small tissues in the biological tex-
ture (Jacques et al., 2016; Jiao and Wang, 2002; Layden et al., 2013).
Demos and Staggs (2006) reported techniques regarding polarization
principles for non‐invasive surface imaging of biological systems.
Polarization discrimination of scattered photons was precisely used
employing a non‐rotating retarder polarimetric configuration to
enhance the visualization of the subsurface textures. Jacques et al.
(2009) used the simple polarization principle for visualizing superfi-
cial layers of tissue such as skin, breast, brain, bones, connective tissue,
and fat. Saarinen and Muinonen (2011) investigated the scattering of
light using wood fibers. The components of the reflected light from the
wood fibers contained information regarding its structure. They
described the wood‐fiber absorption, scattering cross‐sections, and
scattering matrices in the ray‐optics approximation. They observed
the complicated internal structure of the wood fibers.

In this manuscript, we study the calculation of the Mueller matrix
coefficient for samples of wood (H and V orientation of fibers) and
Teflon. We are considering wood (wood‐H and wood‐V) as different
anisotropic material samples and Teflon as an isotropic material sam-
ples. For this, we need a realistic experimental polarization imaging
approach for material identification and comparison between the
wood (H‐V) and Teflon samples. The ultimate goal of this study is to
express the optical behavior of veins, arteries, and nerves for the
biomedical diagnosis. For the sake of simplicity, we investigated flat
objects such as wood and Teflon in order to understand thoroughly
the light scattering effects for its material characteristics. We are
assuming that the characteristic features of wood (H‐V) may be associ-
ated to nerves and arteries respectively and characteristic features of
Teflon may be associated to veins shown in Fig. 1.

In the future, we will study the light scattering effects and Mueller
matrix characteristic features using circular‐shaped object. After col-
lecting complete background knowledge of the optical properties of
light with cylindrical rod shape object, we will investigate the optical
behavior of nerves, arteries, and veins.

2. Experimental setup

Wood (H‐V oriented) and Teflon samples have been illuminated by
linearly polarized light shown in Fig. 2. The wavelength of illumina-
Fig. 1. Characterization of biological samples (veins, arteries, and nerves).
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tion is 450 nm from a LED, which is collimated by a lens L1 and then
propagates through a linear polarizer P1. The samples were illumi-
nated orthogonally, observed at different large angles in order to see
the behavior of light according to the respective angle. Backscattered
light in terms of photons from the sample passes through the lens L2
and second polarizer P2. Finally, images were captured by a camera,
which is connected to the computer. The images were mathematically
inspected, to determine the properties of the light diffused towards the
observer. In our experimental setup, both polarizers P1 and P2 can
rotate around their optical axis to vary polarization angles for illumi-
nation θi and detection θs shown in Figs. 3 and 4.
2.1. Methodology scheme ðMSÞ1

We captured a series of images I(θi; θs), for incident polarization set
of angles f315�;0�;45�;90�g using P1. We took four images by setting
P2 at f315�;0�;45�;90�g corresponding to each incident polarization.
In this way, we recorded sixteen images for each sample with respect
to different angles of observation. Methodology Scheme MS1 illus-
trated in Figs. 5, 6 and Table 1. Meanwhile first polarizer P1 has been
removed from our experimental setting, we took again four images by
rotating the second polarizer P2 according to the set of angles
f315�; 0�;45�;90�g. We embedded the first polarizer P1 and removed
the second polarizer in the experimental setup, we took four images
using the first polarizer P1 with same set of angles. Finally, we cap-
tured one image without using both polarizers P1 and P2. This descrip-
Fig. 3. Experimental setup.



Fig. 4. Experimental geometry. A sample is orthogonally illuminated by
incoherent linearly polarized light. A camera records images of the sample
surface at different azimuthal angles θview, performing a selection of the
observed light polarizations, both parallel and orthogonal to the input one.

Fig. 5. Formation of Mueller matrix elements for MS1.

Fig. 6. Images for wood vertical with respect to the observation angles 10o

using MS1. The color bar represents the light intensity. By using these images,
we can derive 3� 3 Mueller matrix elements. Last image (y) shows high
intensity of light rather than all other, because unpolarized light fall on the
sample. From (p) to (x) images are more bright rather then others, because we
have been recording these images using only one polarizer.
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tion is for N in Table 1. In this way, we recorded total of twenty‐five
images for all samples.
2.2. Methodology scheme ðMSÞ2

Here wood‐H, wood‐V, and Teflon samples have been investigated
with alternative speculation. We considered the same experimental
setup, but the formation of Mueller matrix is different. For this pur-
pose, we captured a sequence of images I(θi; θs). For each incident
polarization set of angles f0�;45�;90�;135�;180�;225�;270�;315�g,
we took a pair of images corresponding to its parallel θs and perpendic-
ular θs þ 90� detections. In this way, we recorded sixteen images (8
parallel and 8 perpendicular images) for each sample with respect to
the different angles of observation. Mueller matrix coefficient deriva-
tion has been described in the Table 2. Collection of images using
MS2 has been presented in Fig. 7.
2.3. Mueller matrix polarimetry

Polarimetry is the measurement technique, that can be applied for
interpretation of the polarization of light. In general, when the light
interacts with optical elements that include polarizers, filters, lenses
surfaces, scattering media, etc, it can change the state of its polariza-
tion. This interaction with any optical element or material can be
3

defined as a multiplication of the Stokes vector with a 4� 4 matrix,
S’ = MS.

S ¼

I
Q
U
V

2
6664

3
7775

Stokes vector elements demonstrated as the total intensity of light
I, the amount of linear horizontal or vertical polarization Q, the
amount of linear þ45� or �45� polarization U and the amount of right
or left circular polarization contained in the light beam V. The stokes
matrix is modified in terms of Mueller may be written as:

Iout
Qout

Uout

Vout

2
6664

3
7775 ¼

m11 m12 m13 m14

m21 m22 m23 m24

m31 m32 m33 m34

m41 m42 m43 m44

2
6664

3
7775

Iinp
Qinp

Uinp

Vinp

2
6664

3
7775 ð1Þ

Thus, we work with the reduced matrix:

Iout
Qout

Uout

2
64

3
75 ¼

m11 m12 m13

m21 m22 m23

m31 m32 m33

2
64

3
75

Iinp
Qinp

Uinp

2
64

3
75 ð2Þ

Here, the elements of the input and output vectors may be written
as:

I
Q
U

2
64

3
75 ¼

H þ V
H � V
M þ P

2
64

3
75

I90 þ I0
I90 � I0

Iþ45 þ I�45

2
64

3
75 ð3Þ

So, scattering matrix for an isotropic symmetric medium may be
represented as:



Table 1
Polarization imaging for the Methodology Scheme MS1.

Illuminations Observations

315�(M) 0�(V) 45�(P) 90�(H) N
315�(M) 1–315�(MM) 2–0�(MV) 3–45�(MP) 4–90�(MH) 21-N(MN)
0� (V) 5–315�(VM) 6–0�(VV) 7–45�(VP) 8–90�(VH) 22-N(VN)
45�(P) 9–315�(PM) 10–0�(PV) 11–45�(PP) 12–90�(PH) 23-N(PN)
90� (H) 13–315�(HM) 14–0�(HV) 15–45�(HP) 16–90�(HH) 24-N(HN)
N 17–315�(NM) 18–0�(NV) 19–45�(NP) 20–90�(NH) 25-N(NN)

Table 2
All elements from a to p in the given formulas are the images for the formation
of Mueller matrix using MS2. We have presented, these images from a to p
illustrated in the Fig. 7.

Mueller matrix elements formation for MS2

m11 imageðaÞþimageðbÞþimageðeÞþimageðf ÞþimageðiÞþimageðjÞþimageðmÞþimageðnÞ
2

m12 imageðeÞþimageðf ÞþimageðmÞþimageðnÞ
4 � imageðaÞþimageðbÞþimageðiÞþimageðjÞ

4

m13 imageðcÞþimageðdÞþimageðkÞþimageðlÞ
4 � imageðgÞþimageðhÞþimageðoÞþimageðpÞ

4

m21 imageðbÞþimageðeÞþimageðjÞþimageðmÞ
2 � imageðaÞþimageðf ÞþimageðiÞþimageðnÞ

2

m22 imageðeÞþimageðmÞþimageðaÞþimageðiÞ
8 � imageðf ÞþimageðnÞþimageðbÞþimageðjÞ

8

m23 imageðdÞþimageðlÞþimageðgÞþimageðoÞ
8 � imageðcÞþimageðkÞþimageðhÞþimageðpÞ

8

m31 imageðcÞþimageðhÞþimageðkÞþimageðpÞ
2 � imageðdÞþimageðgÞþimageðlÞþimageðoÞ

2

m32 imageðeÞþimageðf ÞþimageðiÞþimageðjÞ
8 � imageðnÞþimageðmÞþimageðbÞþimageðaÞ

8

m33 imageðcÞþimageðgÞþimageðkÞþimageðoÞ
8 � imageðdÞþimageðhÞþimageðlÞþimageðpÞ

8

Fig. 7. Images for wood-H with respect to the observation angle 10� using
MS2, where subscripts k and ? corresponds to parallel and orthogonal
components of respective angle. The color bar represents the light intensity
input to the output.
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m11 m12 0
m21 m22 0
0 0 m33

2
64

3
75 ð4Þ

Symmetric homogeneous scattering gives the following condition:
4

m21 ¼ m12 ð5Þ
As we are working on 3� 3 Mueller matrix, so matrix for our case

will become:

Iout

Qout

Uout

2
64

3
75 ¼

H þ V

H � V

M þ P

2
64

3
75 ¼

m11 m12 0

m21 m22 0

0 0 m33

2
64

3
75

Iin

Qin

Uin

2
64

3
75 ð6Þ

Performing multiplications, we obtain:

Iout ¼ m11Iin þm12Qin ð7Þ
Substituting Eq. (5) in Eq. (7), we have:

Iout ¼ m11Iin þm21Qin ð8Þ
By substituting Iout ¼ Ho þ Vo, we get:

Ho þ Vo ¼ m11 Hi þ Við Þ þm12 Hi � Við Þ ð9Þ
Ho � Vo ¼ m12 Hi þ Við Þ þm22 Hi � Við Þ ð10Þ

After simplification, we obtained:

H0 ¼ m11 þ 2m12 þm22

2

� �
Hi þ m11 �m22

2

� �
Vi ð11Þ

V0 ¼ m11 �m22

2

� �
Hi þ m11 � 2m12 þm22

2

� �
Hi ð12Þ

This means that, illumination with H polarization, the output is on
both polarizations:

H0 ¼ m11 þ 2m12 þm22

2

� �
Hi ð13Þ

V0 ¼ m11 �m22

2

� �
Hi ð14Þ

Similarly illumination with V polarization the output can be
detected again on both polarizations:

H0 ¼ m11 �m22

2

� �
Vi ð15Þ

V0 ¼ m11 � 2m12 þm22

2

� �
Vi ð16Þ
2.4. Wood analysis

For the illumination with V/H polarization, we obtained a Mueller
matrix similar to symmetrical and homogeneous one. Moreover, if
m12 – m21, the decomposition on polarization becomes:

H0 ¼ m11 þm12 þm21 þm22

2

h i
Hi þ m11 þm21ð Þ � m12 þm22ð Þ

2

� �
Vi

ð17Þ

V0 ¼ m11 þm12ð Þ � m21 þm22ð Þ
2

� �
Hi þ m11 þm22ð Þ � m12 þm21ð Þ

2

� �
Vi

ð18Þ

which means, illumination with H polarization, the output is on both
polarizations, we obtained:
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H0 ¼ m11 þm12 þm21 þm22

2

h i
Hi

V0 ¼ m11 þm12ð Þ � m21 þm22ð Þ
2

� �
Hi

and:

H0 ¼ m11 þm21ð Þ � m12 þm22ð Þ
2

� �
Vi

V0 ¼ m11 þm22ð Þ � m12 þm21ð Þ
2

� �
Hi
3. Physical interpretation of Mueller matrix coefficients

If the Mueller matrix elements are all unknown, they can be deter-
mined experimentally with different orientations of polarizers. The
element m11 gives the information of the unpolarized light input to
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Fig. 9. Mueller Matrix elements Mij for wood-H as functions of the observation an
scheme.
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output intensity, so this factor can be interpreted as a simple transmis-
sion. m12 is obtained by measuring the total reflected intensity for hor-
izontal input polarization and subtracting the total reflected intensity
for vertical input polarization from it. m12 can be expressed as the Lin-
ear Extinction (LE) at 0�=90�. Similarly, m21 refers to degree of linear
polarization of the scattered light; m22 refers the depolarization of
input polarization. m23 is obtained by measuring the horizontal and
vertical 0�=90� reflected intensity for an oblique input polarization.
m23 and m32 express the Circular Retardance (CR) with opposite sign.
In our experiment, we investigated the 3� 3 Mueller matrix, for the
characterization of selected samples at observation angle θs varying
from 10� to 70�. We have taken an average of three repeated measure-
ments for each sample and normalized all the obtained matrix
elements.

During our numerical tests and elaborations, we have investigated
the following features of each sample as illustrated in Figs. 8–10. First,
we can see that the Mueller matrices for isotropic and anisotropic
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Fig. 11. The output to input intensity for Teflon using both formations MS1
and MS2.
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Fig. 12. The output to input intensity for wood-V using both formations MS1
and MS2.
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samples are non‐diagonal, employing both formations MS1 and MS2.
Further, the magnitude of the diagonal elements m22 and m33 is not
equal. In order to identify the alignment of the fibers in anisotropic
samples, we have inspected the signs and values of all matrix elements.
For the case of wood sample fibers are distributed along both orienta-
tions (horizontal and vertical), leading to a larger value of the diagonal
elements m22 and m33. Comparison between the Figs. 8–10, also
reveals some distinctive differences between the Teflon, wood‐H,
and wood‐V samples.

For example, the Teflon has smaller diagonal elements m22 and m33

as compared to both wood‐H and wood‐V samples. Wood‐V has higher
value of diagonal elements m22 and m33 as compared to wood‐H. The
abundance of cellulose in wood is the cause of notable absorption, and
results in larger values of diagonal elements of wood as compared to
the Teflon. For the anisotropic wood‐H and wood‐V samples, m22

and m33 have different values in the entire range of observation angles.
6

m13;m23;m31, and m32 are approaching zero in analysis of the Teflon
and wood‐H samples (see Figs. 8, 9, b, e, f, g). But for the case of
wood‐V, these elements display minimum values rather than zero
(see Figs. 10, b, e, f, g). It can be seen that m22 is more sensitive for
the identification of the wood‐V, wood‐H and Teflon samples. For
instance: for the case of Teflon with MS2 formation, the value of m22

is decreasing with increasing observation angle from 10� to 40�.
Observed lowest value is at 40�. From 40� to 70�, it is rising randomly
at different angles. Similarly, Teflon with MS1 formation, m22 shows
fluctuations for entire range of observation angle. And its value is
approaching to zero at 50� (see Fig. 8 d).

For the case of wood‐H, m22 has higher magnitude as compared to
Teflon but its graphical presentation across the whole observation is
similar to Teflon (see Fig. 9 d). Using both formations (MS1 and
MS2), m22 approaches to zero at 40� observation angle. For the case
of wood‐V, m22 has higher value as compared to Teflon and wood‐H,
but it presents irregular behavior for all observation angles (see
Fig. 10 d).
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Fig. 13. The output to input intensity for wood-H using both formations MS1
and MS2.
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For validation of results, we have investigated and compared both
formation schemes MS1 and MS2. This information confesses us to
conclude that the change in polarization state of light after interaction
with wood fibers plays significant role, which can also contribute in its
detection. Wood‐V has more significant numerical results than wood‐H
and Teflon. We can say that wood‐V shows more sensitiveness towards
the polarization state of light. Teflon is isotropic in general as it has no
texture, so it is independent of orientation. We can say that it does not
depict active response towards any polarization state.
3.1. Numerical results and discussion

We have presented the results of Mueller matrix measurements for
three different samples using two different approaches MS1 and MS2.
Samples include wood‐H and wood‐V and Teflon. Introduced schemes
record images for different combinations of input polarization and out-
put detection. We calculated output to input intensity using Eqs. (19)–
(22) for all samples and results obtained from both schemes.

Fig. 11, presents the obtained results for Teflon. It shows that for
both input polarizations (horizontal and vertical), output to input
intensity converges to almost 50%. But few fluctuations are still pre-
sent that can be approximated as a result of human errors. Fig. 12,
shows the obtained results for wood‐V. When input polarization is hor-
izontal then output to input intensity is more prominent and it has
higher percentage as compared to the input vertical polarization.
Fig. 12, is the representation of output to input intensity for wood‐
H. We can see that output to input intensity depends on input polariza-
tion, such that for any of the input polarization states, it increases up to
the similar value only if the input and output detection has same state
of polarization. Likewise, for cross detection (H‐V, V‐H), the decrease
in value of intensity is also similar for any input polarization. In gen-
eral, for same input polarization and output detection (H‐H, V‐V),
the magnitude of output to input intensity is higher than cross detec-
tion (H‐V, V‐H). We can also see that in both presented formation
schemes, obtained results are close to each other which allows us to
say that there are fewer chances of errors. (See Fig. 13)
3.2. Conclusions

In this paper, we apply polarization imaging technique on wood‐H,
wood‐V and Teflon samples. Wood‐H and wood‐V demonstrates differ-
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ent anisotropic material samples whereas Teflon demonstrates isotro-
pic material sample. Using 3� 3 Mueller matrix, we calculated
values corresponding to polarization parameters that are Linear
Extinction (LE), Depolarization (D), Circular Retardance (CR), and
Transmission (T). These parameters are used to identify the character-
istic features of the selected samples.

For better results, we introduced two different formations MS1 and
MS2 to examine the relationship between structural parameters of
Mueller matrix and physical and morphological structure of samples.
The graphical representation of all Mueller matrix elements using both
formations MS1 and MS2 shows the same trend of variation with
respect to observation angles. It means, both formations are valid for
sample characterization. We can say thatMS2 is simpler, more efficient
and shorter so it will be more attractive to the user.

The experimental and simulation results confirm that the Mueller
matrix element m22 is more sensitive for the entire range of observa-
tion angles in all samples compared to other elements. We derived
the ratio of output to input intensity using matrix elements and we cal-
culated it for all samples. Our analysis shows that isotropic Teflon has
nearly equal output to input intensity. Whereas for anisotropic wood
samples output to input intensity depends on input polarization.

In future, we propose to extend these derived formations for arter-
ies, nerves, and veins. We are considering isotropic Teflon is similar to
veins in humans, as veins do not have any fibrous structures on its sur-
face. Arteries have fibers along their circumference, we are manifest-
ing wood‐H as an artery. We are considering wood‐V as nerves,
because they have longitudinal fibers.
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