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Abstract. The optical properties of biological tissues under stretching are investigated using a full-field ellips-
ometry technique based on a differential Mueller matrix formalism. Traditional photoelastic-based formalism for
extracting the linear birefringence (LB) properties of stretched anisotropic optical samples ignores the effects of
the other optical properties of the sample. By contrast, in the formalism proposed in this study, the LB, linear
dichroism (LD), circular birefringence (CB), circular dichroism (CD), and depolarization (Dep) properties are fully
decoupled. Simulations are performed to evaluate the performance of the two formalisms in extracting the LB
properties of optically anisotropic samples with different degrees of Dep, CB, LD, and CD. The practical fea-
sibility of the proposed all-parameter decoupled formalism is then demonstrated using chicken breast muscle
tissue. In general, the results show that both formalisms provide a reliable LB measurement performance for
healthy chicken breast tissue under stretching. However, while the LB-only formalism has good robustness
toward scattering, its measurement performance is seriously degraded for samples with high CB. Thus, of
the two formalisms, the proposed all-parameter decoupled formalism provides a more effective approach for
examining the anisotropic properties of biological tissues under stretching. © The Authors. Published by SPIE under a
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1 Introduction
Biological tissues have unique and well-documented micro-
scopic fibrous structures, which result in a pronounced birefrin-
gence property.1 The change in these structures under stretching
results in a change in the birefringence. However, the birefrin-
gence of muscle tissue is related not only to the microscopic
structure but also to the surrounding physical, biological, and
chemical environment.2 As a result, changes in the muscle bire-
fringence provide a useful indication of possible changes in the
physical function, metabolism, and pathology of the tissue.
Thus, the birefringence properties of biological tissue under
stretching are of significant interest in a variety of disease diag-
nosis applications.

Cheong et al.3 published a review paper on the optical prop-
erties of biological tissues and described the theoretical frame-
works underlying the main experimental techniques used to
analyze these properties in typical biological samples. Liao
et al.4 used a CCD camera and Monte Carlo simulations to ana-
lyze the anisotropic optical properties of chicken heart tissue.
They developed a rotating linear polarization imaging technique
and obtained a set of new images of the parameters by fitting
linear differential polarization (LDP) images pixel-by-pixel to
an analytical expression. The observation results revealed that
the heart muscles are aligned in different directions at different
sections of the organ, and hence, the heart exhibits a strong

LDP effect. Wood et al.5 presented a polarization birefringence
technique for measuring the anisotropic characteristics of heart
muscle fibers. The experimental results showed that the bire-
fringence decreased in the infarcted region of the myocardium
compared to the normal regions. Chen et al.6 used a polarization-
sensitive optical coherence tomography (PS-OCT) technique to
investigate the optical properties of chicken muscle tissue under
stretching and showed that the birefringence increased with an
increasing tensile force. Dobashi et al.7 examined the birefrin-
gence properties of anisotropic chitosan gels using a polarized
light microscopy approach. The results showed that the differ-
ence in the birefringence intensity between the inner and outer
parts of the chitosan gel was consistent with the change in
orientation of the polymer aggregates in the corresponding
domains. Csoka et al.8 fabricated human amyloid fibrils made
of chitosan. The polysaccharide complexes and highly ordered
long-chain carbohydrates of samples were observed by a polari-
zation microscopy in order to clarify the complex protein–
polysaccharide structure of amyloid fibrils.

The studies above focus principally on the linear birefrin-
gence (LB) properties of biological tissue. However, in practice,
biological tissues have not only LB properties but also circular
birefringence (CB), circular dichroism (CD), linear dichroism
(LD), and scattering depolarization (Dep) effects. Due to the
fact that CB and CD effects are quite rare in backscattering,9

the present study utilizes a full-field Mueller ellipsometry
technique based on the differential Mueller matrix formalism
proposed by the current group in Ref. 10 to conduct a more*Address all correspondence to: Yu-Lung Lo, E-mail: loyl@mail.ncku.edu.tw
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robust investigation of the anisotropic properties of biological
tissue under stretching by transmission measurement system.
In contrast to previous studies based on a simple LB-only
model,11 the differential Mueller matrix formalism used in
the present study decouples the effects of the CB, CD, LD,
and Dep properties of the sample on the LB response, and there-
fore, enables the LB properties to be more reliably determined.
The chicken breast muscle tissue is chosen for the stretching test
because it has a well-defined texture direction, and the adipose
tissue is also less than the other muscle tissue from porcine
or bovine model. How the optical properties change while
stretching the chicken breast muscle is studied. Simulations
are performed to evaluate the performance of the traditional
LB-only model and the proposed “all-parameter” decoupled
model in extracting the LB properties of hypothetical aniso-
tropic samples with various degrees of Dep, CB, LD, and CD.
The practical feasibility of the proposed all-parameter decoupled
model is then demonstrated by measuring the optical properties
of chicken breast muscle tissue under tensile loads ranging from
0 to 1.0 N.

2 Materials and Methods

2.1 Mueller Matrix Polarimetry Method

The traditional way to measure the stress and strain of materials
by a photoelastic-based model is via observation of the LB prop-
erty, and this method has been developed as a commercial
instrument. If the material thickness and stress-optic coefficient
of the material are known, the LB can be used to calculate the
residual stress.12 However, in order to decouple more than LB
property in a tested sample, a Mueller matrix polarimetry
method is thus introduced.

Cameron et al.13 investigated the properties of turbid samples
illuminated by a polarized light beam using a two-dimensional
Mueller matrix method based on 49 images of the sample
obtained under different combinations of the input and output
analyzer polarization states. The experimental results obtained
for a sample consisting of polystyrene beads suspended in
deionized water were shown to be in good agreement with
the numerical results. Consequently, Schaefer et al.14 proposed
a more straightforward method for measuring the Mueller
matrix parameters of the sample using the experimental setup
shown in Fig. 1. In the proposed method, the sample is illumi-
nated by six different input lights (four linear polarized incident
lights with angles of 0, 45, 90, and 135 deg, respectively, one
right-hand polarized incident light, and one left-hand polarized
incident light). For each input light, the intensity IðθÞ of the
optical beam incident on the detector is given by14

EQ-TARGET;temp:intralink-;e001;63;221IðθÞ ¼ 1

2
ðAþ B sin 2θ þ C cos 4θ þD sin 4θÞ; (1)

where θ is the angle of the rotating quarter waveplate in the
analyzer (dashed-line box in Fig. 1) and A, B, C, and D are

constants given by A ¼ S0 þ 0.5S1, B ¼ S3, C ¼ 0.5S1, and
D ¼ 0.5S2, respectively, in which S0, S1, S2, and S3 are the
Stokes parameters. As shown, Eq. (1) has the form of a truncated
Fourier series consisting of a DC term, a second-order harmonic
term, and two fourth-order harmonic terms. According to the
Nyquist sampling theorem, a total of eight data points are
required to determine the values of A, B, C, and D. For the con-
figuration shown in Fig. 1, this is achieved by setting the quarter
waveplate in the analyzer to rotation angles of 0, 22.5, 45, 67.5,
90, 112.5, 135, and 157.5 deg, respectively.14 Having obtained
the values of A, B, C, andD, the Stokes parameters can be deter-
mined algebraically as S0 ¼ A − C, S1 ¼ 2C, S2 ¼ 2D, and
S3 ¼ B. Then, the 16 elements of the Mueller matrix for the
sample of interest can be derived as

EQ-TARGET;temp:intralink-;e002;326;598M

¼ 1

2

2
664
S1 0 þ S2 0 S1 0 − S2 0 S3 0 − S4 0 S5 0 − S6 0

S1 1 þ S2 1 S1 1 − S2 1 S3 1 − S4 1 S5 1 − S6 1

S1 2 þ S2 2 S1 2 − S2 2 S3 2 − S4 2 S5 2 − S6 2

S1 3 þ S2 3 S1 3 − S2 3 S3 3 − S4 3 S5 3 − S6 3

3
775;
(2)

where a Si j term is the j’th row value of the i’th output Stokes
vector incoming from the sample.

2.2 Anisotropic Property Extraction by Differential
Mueller Matrix Model

It was shown in Refs. 15 and 16 that the optical properties of
depolarizing anisotropic media can be decoupled using a differ-
ential Mueller matrix derived through an eigenanalysis of the
corresponding Mueller matrix. In calculating the differential
matrix, a beam propagating along the z-axis in a right-handed
Cartesian coordinate system is considered and the differential
matrix (m) is related to the corresponding macroscopic Mueller
matrix (M) as follows:

EQ-TARGET;temp:intralink-;e003;326;350m ¼ ðdM∕dzÞM−1; (3)

where M is acquired via Mueller matrix polarimetry method.
The eigenvalues of the macroscopic and differential matrices
are derived as λM and λm, respectively, and are in full parallelism
with Eq. (3), whereas the eigenvectors of the macroscopic and
differential matrices, i.e., VM and Vm, respectively, are the
same.17 Assuming that mλ is a diagonal matrix with nonzero
diagonal elements of λðmÞ, the differential Mueller matrix can
be obtained from an eigen analysis of M as follows:

EQ-TARGET;temp:intralink-;e004;326;230m ¼ VMmλV−1
M

2
664
m11 m12 m13 m14

m21 m22 m23 m24

m31 m32 m33 m34

m41 m42 m43 m44

3
775: (4)

Fig. 1 Rotating quarter waveplate method for measuring Stokes parameters.

Journal of Biomedical Optics 035006-2 March 2017 • Vol. 22(3)

Chen et al.: Analysis of optically anisotropic properties. . .



In accordance with the differential Mueller matrix method,18

the Mueller matrix of a general anisotropic sample can be
partitioned into 16 different elements, with each element
describing a different aspect of the optical behavior. Let MLB,
MCB, MLD, and MCD be the macroscopic Mueller matrices
describing the LB, CB, LD, CD, and Dep properties of the

sample, respectively. The corresponding differential Mueller
matrices, i.e., mLB, mCB, mLD, mCD and mΔ, can be found in
Ref. 11. Thus, the differential Mueller matrix describing all
of the LB, CB, LD, CD, and Dep properties of the anisotropic
optical sample can be obtained by summing mLB, mCB, mLD,
mCD, and mΔ to give10

EQ-TARGET;temp:intralink-;e005;63;674

mBDΔ ¼ mBD þmΔ

¼ 1

d

2
66666666666664

ln

�
ð1 − R2Þ

ffiffiffiffiffiffiffi
1−D
1þD

q �
− ln

ffiffiffiffiffiffiffi
1−D
1þD

q
cosð2θdÞ þ κ 0

q − ln
ffiffiffiffiffiffiffi
1−D
1þD

q
sinð2θdÞ þ κ 0

u ln
�
1þR
1−R

�
þ κ 0

v

− ln
ffiffiffiffiffiffiffi
1−D
1þD

q
cosð2θdÞ − κ 0

q ln

�
ð1 − R2Þ

ffiffiffiffiffiffiffi
1−D
1þD

q �
− κ 0

iq 2γ þ η 0
v −β sinð2αÞ þ η 0

u

− ln
ffiffiffiffiffiffiffi
1−D
1þD

q
sinð2θdÞ − κ 0

u −2γ þ η 0
v ln

�
ð1 − R2Þ

ffiffiffiffiffiffiffi
1−D
1þD

q �
− κ 0

iu β cosð2αÞ þ η 0
q

ln
�
1þR
1−R

�
− κ 0

v β sinð2αÞ þ η 0
u −β cosð2αÞ þ η 0

q ln

�
ð1 − R2Þ

ffiffiffiffiffiffiffi
1−D
1þD

q �
− κ 0

iv

3
77777777777775
; (5)

where α is the eigenaxis orientation angle; β is the linear phase
retardance; γ is the optical rotation angle; θd is the orientation
angle of the linear diattenuation; D is the linear diattenuation;
and R is the circular diattenuation. Additionally, d is the
sample thickness and Dep is characterized by the differential
parameters κ 0

iq;iu;iv, whereas the anomalous dichroism and
anomalous Dep are characterized by the differential parameters
κ 0
q;u;v and η 0

q;u;v, respectively. From Eq. (5), α, β, γ, θd, D, and R
can be obtained, respectively, as follows:10

EQ-TARGET;temp:intralink-;e006;63;413α ¼ 1

2
tan−1

�
m42 −m24

m34 −m43

�
; (6)

EQ-TARGET;temp:intralink-;e007;63;369β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
m42 −m24

2

�
2

þ
�
m34 −m43

2

�
2

;

s
(7)

EQ-TARGET;temp:intralink-;e008;63;324γ ¼
�
m23 −m32

4

�
; (8)

EQ-TARGET;temp:intralink-;e009;63;285θd ¼
1

2
tan−1

�
m13 þm31

m12 þm21

�
; (9)

EQ-TARGET;temp:intralink-;e010;63;246D ¼ 1 − e
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

12
þ m2

21
Þþðm2

13
þ m2

31
Þ

p

1þ e
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

12
þ m2

21
Þþðm2

13
þ m2

31
Þ

p ; (10)

and

EQ-TARGET;temp:intralink-;e011;63;190R ¼ e
	ðm14þ m41Þ

2



− 1

e
	ðm14þ m41Þ

2



þ 1

: (11)

In addition, the differential Mueller matrix describing the
Dep effect can be obtained as follows:10

EQ-TARGET;temp:intralink-;e012;326;512

mΔ ¼

2
6666664

0
ðm21−m12Þ

2

ðm31−m13Þ
2

ðm41−m14Þ
2

ðm21−m12Þ
2

ðm22 −m11Þ ðm23þm32Þ
2

ðm24−m42Þ
2

ðm31−m13Þ
2

ðm23þm32Þ
2

ðm33 −m11Þ ðm34þm43Þ
2

ðm41−m14Þ
2

ðm24−m42Þ
2

ðm34þm43Þ
2

ðm44 −m11Þ

3
7777775
:

(12)

Performing inverse differentiation,15 the macroscopic matrix
describing the Dep effect is obtained as follows:
EQ-TARGET;temp:intralink-;e013;326;392

MΔ ¼

2
66664

1 K12 K13 K14

−K12 K22 K23 K24

−K13 K23 K33 K34

−K14 K24 K34 K44

3
77775; (13)

where K22 and K33 are the two-dimensional degrees of linear
Dep and K44 is the degree of circular Dep. In general, the degree
of Dep is quantified by the Dep index Δ, which has a value of
0 for a nondepolarizing sample and 1 for an ideal depolarizer.
More specifically, the Dep index can be obtained as follows:19,20

EQ-TARGET;temp:intralink-;e014;326;259Δ ¼ 1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2

22 þ K2
33 þ K2

44

3
;

r
0 ≤ Δ ≤ 1: (14)

Moreover, the so-called effective LB parameters of an aniso-
tropic sample can be extracted from Eq. (15) and using the
LB-only model as follows:
EQ-TARGET;temp:intralink-;e015;326;183

mlb ¼

���������

0 0 0 0

0 0 0 −β sinð2αÞ
0 0 0 β cosð2αÞ
0 β sinð2αÞ −β cosð2αÞ 0

���������
; (15)

EQ-TARGET;temp:intralink-;e016;326;108α ¼ 1

2
tan−1

�
m24

m34

�
; (16)

and

Journal of Biomedical Optics 035006-3 March 2017 • Vol. 22(3)

Chen et al.: Analysis of optically anisotropic properties. . .



EQ-TARGET;temp:intralink-;e017;63;752β ¼ m34 −m43

2 cosð2αÞ : (17)

2.3 Experimental Setup

The feasibility of the proposed all-parameter decoupled model
was investigated using chicken breast muscle tissue. According
to the data of Food and Agriculture Organization of the united
nationals,18 meat is composed of water, fat, protein, minerals,
and a small proportion of carbohydrate. The fat of fresh chicken
meat, pork (lean), beef (lean), beef carcass and pork carcass is
0.9%, 1.2%, 1.8%, 28%, and 47%, respectively. The chicken
breast tissue was deliberately chosen as the sample material
since it has a clear texture direction and compared to porcine
or bovine muscle tissue has less adipose tissue.

Figure 2 presents a schematic illustration of the experimental
full-field Mueller matrix ellipsometry setup. As shown, the main
items of equipment include a laser illumination source (JDS
Uniphase He-Ne laser, 1144P) with an output power of 15 mW
and a working wavelength of 632.8 nm, a CCD camera (1500M-
T1-GE, DVC, high QE CCD: >62% at 500 nm), a step motor,
a digital force gage, and a computer. In addition, an input
polarizing system comprises a beam expander (BE052-A,
Thorlabs, 0.5× to 2×), a neutral density filter (NDC-100,
Qnset), a polarizer (SPF-30C-32, Qnset, 400 to 700 nm), and
a quarter waveplate (WPQ10M-633, Thorlabs, λ∕4 at 633 nm).
An analyzer module consists of a rotating quarter waveplate
(WPQ10M-633, Thorlabs, λ∕8 at 633 nm) and a fixed polarizer
(SPF-30C-32, Qnset, 400 to 700 nm).

In performing the experimental tests, the tissue sample was
subjected to tensile loads ranging from 0 to 1 N in increments of
0.2 N. For each value of the applied load and each input polar-
ized light, the eigenaxis orientation of the polarizer in the
analyzer was set to the horizontal direction while the quarter
waveplate was rotated to 0, 22.5, 45, 67.5, 90, 112.5, 135,
and 157.5 deg, respectively. The resulting CCD images were
processed using the computer to obtain the Stokes vectors
required to calculate the corresponding LB, CB, LD, CD,

and Dep properties of the sample using Eqs. (6)–(14). For
comparison purposes, the LB properties of the sample were
also determined using the LB-only model [i.e., Eqs. (16)
and (17)].

The experimental setup is illustrated in Fig. 2 in performing
the stretching tests with one sample applied load between
0 and 1 N. Each sample had a size of ∼40 mm × 20 mm
(length × width) and the spot size of the incident light (He–
Ne laser) <2 mm. It is noted that the fixture with glue on the
edge of the soft sample is designed in order to ensure the
uniform tension on a sample before the fracture forming on
the edge.

Moreover, the thickness was carefully controlled to 2 mm
since a thicker sample was found to block the incident laser
beam while a thinner sample was found to break under the
effects of the applied load. Furthermore, the tests were per-
formed using fresh chicken tissue since as the tissue protein
decomposes under putrefaction and the sample property
changes. Furthermore, in every case, the sample was oriented
in such a way that the stretching force acted in a perpendicular
direction to that of the muscle fiber. It is noted that the muscle
fiber would be compressed and the arrangement of myofibril be
extended when the stretching force acted in a perpendicular
direction to that of the muscle fiber, and thus make the LB
increased.

3 Results and Discussion

3.1 Performance of Different Models on Linear
Birefringence Extraction

The LB-only model uses a simple photoelasticity model to
extract the LB parameters (α and β) of anisotropic samples.
In other words, the effects of the other optical properties of
the sample (i.e., CB, LD, CD, and Dep) on the LB response
are ignored. To evaluate the resulting error in the extraction
results, a series of simulations was performed in which the LB
results obtained using the LB-only model were compared
with those obtained using the all-parameter decoupled
model for four hypothetical anisotropic samples with hybrid
(LB + Dep), (LB + CB), (LB + LD), and (LB + CD) properties,
respectively. The corresponding results are shown in Figs. 3(a)–
3(h) below.

3.1.1 Effect of depolarization property

The differential Mueller matrix of a hybrid sample with mixed
LB and Dep properties was simulated. Figures 3(a) and 3(b)
compare the results obtained by the LB-only model and the
all-parameter decoupled model for the LB property of a hybrid
sample with various degrees of Dep (i.e., various values of the
Dep index). It is seen that for both models, the extracted LB is
identical to the input LB. In other words, the extraction perfor-
mance of the LB-only model is robust toward the effects of Dep.
This finding confirms that when using the LB-only model to
evaluate the LB property of a sample with the traditional photo-
elastic coating, the surface roughness-induced Dep effect can be
ignored.21

3.1.2 Effect of circular birefringence property

The differential Mueller matrix of a hybrid material with mixed
LB and CB properties was simulated. Figures 3(c) and 3(d)Fig. 2 Experimental setup of full-field Mueller matrix ellipsometer.
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Fig. 3 (a) Linear retardance extraction obtained using LB-only model for hypothetical optical samples
with (LB + Dep), (b) Linear retardance extraction obtained using all-parameter decoupledmodel for hypo-
thetical optical samples with (LB + Dep), (c) Linear retardance extraction obtained using LB-only model
for hypothetical optical samples with (LB + CB), (d) Linear retardance extraction obtained using
all-parameter decoupled model for hypothetical optical samples with (LB + CB), (e) Linear retardance
extraction obtained using LB-only model for hypothetical optical samples with (LB + LD), (f) Linear retard-
ance extraction obtained using all-parameter decoupled model for hypothetical optical samples with
(LB + LD), (g) Linear retardance extraction obtained using LB-only model for hypothetical optical samples
with (LB + CD), (h) Linear retardance extraction obtained using all-parameter decoupled model for hypo-
thetical optical samples with (LB + CD). (The range of input linear retardance, input CB and extracted
linear retardance is 0 to 200 deg. The range of input Dep, input LD, and input CD is 0 to 1.)
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show the LB extraction results obtained by the two models for
optical samples with various degrees of CB. For the all-param-
eter decoupled model, the extracted LB is identical to the input
LB. However, it is seen that the LB-only model underestimates
the LB property of the hybrid sample. Moreover, the extraction
error increases with an increasing CB.

3.1.3 Effect of linear dichroism property

The differential Mueller matrix of a hybrid material with mixed
LB and LD properties was simulated. Figures 3(e) and 3(f)
show the LB extraction results obtained using the two models.
For the all-parameter decoupled model, the extracted LB
values are in good agreement with the input values. However,
for the LB-only model, a close inspection shows that the
extracted values of the LB are slightly lower than those of
the input LB. Moreover, the extraction error increases with
an increasing LD.

3.1.4 Effect of circular dichroism property

The differential Mueller matrix of a hybrid material with mixed
LB and CD properties was simulated. Figures 3(g) and 3(h)
compare the LB extraction results obtained by the two models
for optical samples with various degrees of CD. The LB values
extracted using the all-parameter decoupled model are almost
identical to the input values for all values of the CD.
However, for the LB-only model, the extracted LB values are
once again slightly lower than the input values. Again, the
extraction error increases with an increasing CD.

Overall, the simulation results presented in Fig. 3 show that
for hybrid anisotropic samples, the all-parameter decoupled
model enables the LB properties of the sample to be reliably
determined irrespective of the other optical properties of the
sample (i.e., Dep, CB, LD, and CD). By contrast, while the
LB-only model provides a good extraction performance for
samples with combined Dep and LB properties, the extraction
results are less satisfactory for hybrid samples with CB, LD, and
CD properties. In particular, the performance of the LB-only
model is seriously degraded for samples with high CB.

3.2 Anisotropic Optical Properties of Normal
Chicken Breast Tissue

All the experimental data are used, the photos taken by CCD
camera and the 2-D images are saved as a Tagged Image
File Format files to transform as the matrix for the subsequent
calculation. The photos are 1392 × 1040 pixels and it can be
transformed to a 1392 × 1040 data matrix. The experimental
data are randomly captured in this data matrix in order to esti-
mate the sample property.

It is noted that before the chicken tissue sample is conducted
in experiments, the optical system is characterized in its perfor-
mance by testing the standard sample (quarter waveplate). As a
result, the standard deviations in extracting α, β, γ, θd,D, R, and
Δ of a quarter waveplate are 0.091 deg, 0.493 deg, 0.205 deg,
0.180 deg, 0.040, 0.003, and 0.078, respectively. It is noted that
all the orientations of the eigenaxis of the waveplate and polar-
izer in an optical system are known and examined. Therefore, α,
β, γ, θd, D, R, and Δ of the tested sample can be precisely
defined and extracted.

Figure 4 shows the results obtained from the LB-only model
and all-parameter decoupled model, respectively, for the eige-
naxis orientation angle, α, and linear phase retardation, β, of
the chicken tissue samples stretched under the considered tensile
loads. It is observed that for both models, the eigenaxis orien-
tation angle remains approximately constant as the tensile load
increases, but the phase retardance increases. In other words,
the results are consistent with those reported in Ref. 6 using
a PS-OCT technique. Nonetheless, the good general agreement
between the results obtained using the two different models con-
firms that the LB-only model is robust toward the effects of scat-
tering within the sample [see Fig. 2(a)]. The sensitivity is found
around 21.42 deg ∕N. For general anisotropic optical samples,
the linear phase retardance β is given by β ¼ kdðne − noÞ, where
k is 2π∕Λ, d is the sample thickness, ne is the extraordinary
refractive index of the sample, no is the ordinary refractive
index, and Λ is the laser wavelength. In the present tests, the
tensile force is applied perpendicularly to the fiber direction.
Consequently, the sample density and ordinary refractive index
reduce along the stretching axis. By contrast, the extraordinary
refractive index increases, and hence, the linear phase retard-
ance increases with an increasing tensile force. Moreover, the

Fig. 4 LB properties of chicken muscle tissue under stretching as evaluated using LB-only model and
all-parameter decoupled model. (a) Eigenaxis orientation angle, α, obtained using LB-only model and
all-parameter decoupled model. (b) Linear phase retardation, β, obtained using LB-only model and all-
parameter decoupled model.
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extracted β regarding to different loadings is calculated by data
of 48 images (by six different input lights and eight rotation
angles) and finally, it is averaged. It is found that the increments
of β (∼4 deg) regarding to the increment in 0.2 N tensile force is
much larger than the standard deviation in 0.493 deg with a stan-
dard sample (quarter waveplate); thus, the extracted β in Fig. 4 is
obviously influenced by the tensile force. In addition, the error
bars reflect that the data extracted by the all-parameter model are
more stable in this case.

Figure 5 shows the results obtained from the all-parameter
decoupled model for the variation of the LD, CB, CD, and
Dep properties of the chicken muscle tissue under the effects
of an increasing tensile force. It can be seen that the linear dia-
ttenuation, D, increases slightly with an increasing force, while
the diattenuation axis angle θd remains approximately constant.

It is found that the standard deviation of standard sample
(systematic errors) in extracting D is 0.040, so the extracted
D, varied from 0.15 to 0.19, is reliable in its trend with applied
force. However, the extracted θd is ranged ∼2 deg and their
standard deviations are more than 2 deg. Thus, the diattenuation
axis angle θd remains approximately constant. In other words,
the LD response of the muscle tissue under tension is similar to
that of the LB response.

In Fig. 5, the extracted γ is ranged from −5.76 to −7.83 deg

and the standard deviation of standard sample (systematic
errors) in extracting γ is 0.205 deg; thus, the extracted γ is reli-
able in its trend with applied force. However, the extracted γ is
ranged ∼2 deg and their standard deviations are around 2 deg.
As a result, the extracted γ shows no observable trend as the
tensile force increases. Additionally, the extracted R is ranged

Fig. 5 Results obtained by all-parameter decoupled model for D, θd , γ, R, and Δ properties of chicken
muscle tissue under stretching. (a) Linear diattenuation, D, obtained by all-parameter decoupled model.
(b) The orientation angle of the linear diattenuation, θd , obtained by all-parameter decoupled model.
(c) The optical rotation angle, γ, obtained by all-parameter decoupled model. (d) Circular diattenuation,
R, obtained by all-parameter decoupled model. (e) Depolarization index, Δ, obtained by all-parameter
decoupled model.
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from −0.01 to −0.04 and the standard deviation of standard
sample (systematic errors) is 0.003, so the extracted R is reli-
able in its trend with applied force. However, the extracted R is
ranged ∼0.03 and their standard deviations are more than 0.03.
Thus, the extracted R shows no observable trend as the tensile
force increases. It is concluded that the extracted values of γ
and R show no observable trend as the tensile force increases.
The result is reasonable since chicken breast tissue is domi-
nated by fibrous muscle structure and without dextrorotatory
and levorotatory structures, such as glucose. These structures
are unaffected by the application of a tensile force and thus,
whereas the CB and CD properties are sensitive to phase
change and attenuation of right-hand and left-hand circular
polarization light, they remain unchanged as the tensile force
increases.

The Dep index, Δ, reduces with an increasing tensile force.
The extracted Δ is ranged from 0.65 to 0.53 and the standard
deviation of standard sample (systematic errors) is 0.078; there-
fore, the extracted Δ is reliable in its trend with applied force.
The extracted Δ is ranged ∼0.12 and their standard deviations
are obviously <0.12. As a result, the extractedΔ shows the linear
trend as the tensile force increases. It can be induced by thinner
thickness and density to influence the less scattering while
the tensile force is applied.

3.3 Extracted Linear Birefringence Property of
Chicken Breast with Additional Circular
Birefringence Property

Because the samples (chicken breast tissue) are naturally devoid
of the CB property, adding glucose solution into the chicken
breast tissue verifies and demonstrates the simulation in
Figs. 3(c) and 3(d). It is found that a special sample with LB
and CB properties cannot be analyzed properly if the LB-
only model is applied. Chicken breast samples with high CB
were prepared by immersing the breast tissue in a glucose sol-
ution with a concentration of 16009 mg∕dl (0.9 M) for 5 days.
As described above, for healthy chicken breast tissue, the LB
property extracted by the LB-only model is in good agreement
with that obtained using the all-parameter decoupled model for
all considered values of the tensile force (see Fig. 4).

Figure 6 shows the results of chicken muscle tissue with high
CB under the loading only from 0 to 0.4 N. It is because the

tested sample immersed in glucose solution becomes weaker
for tensile tests. As shown in Fig. 6, for the chicken sample
with CB property, the LB results extracted by the LB-only
model are underestimated for all values of the tensile force.
Furthermore, the values of α and β extracted using the LB-
only model exhibit a greater variance than those extracted
using the all-parameter decoupled model. Interestingly, the
trends of the extracted β by two models are totally opposite.
Also, it is found that the trend of the extracted β by all-parameter
decoupled model here is similar to the one in Fig. 4(b). The
slope in Fig. 6 is found around 32.75 deg ∕N and it is higher
than the one, 21.42 deg ∕N, calculated in Fig. 4(b). It is noted
that the normal muscle exhibits a clear anisotropic structure that
chicken meat is composited of 75% water, 22.8% protein, 0.9%
fat, and 1.2% ash.18 When the sample is immersed into glucose
solution, a hypertonic solution, the sample would be dehydrated
and osmotic shrinkage. Thus, the glucose makes the muscle tis-
sue dehydrated and thus enhances the fibrous texture more
dense and arranged. In general, the experimental results are con-
sistent with the simulation results presented in Figs. 3(c) and
3(d) and confirm that for samples with CB property, the all-
parameter decoupled model provides a more robust approach
for extracting LB property.

4 Conclusions
The LB property of biological tissues under stretching pro-
vides a useful indication of potential changes in the physical
function, metabolism, and pathology of the tissue, and are thus
of significant interest in many disease diagnosis applications.
For example, type 2 diabetes may translate into functional
impairment in the elder people and this may reflect a link
between the mechanical functions of muscle22,23 and the
muscle birefringence (LB) is due to the well-arranged muscle
structures. The LB property is traditionally extracted based on
a simple photoelasticity model. However, the extraction proc-
ess ignores the effects of the other optical properties of the
anisotropic sample on the LB response, and hence, the accu-
racy of the extracted LB results cannot be guaranteed.
Accordingly, the present study has proposed an LB extraction
method based on a differential Mueller matrix model and full-
field ellipsometry, in which the LB property of the sample
is decoupled from the CB, LD, CD, and Dep properties.

Fig. 6 Results obtained by LB-only model and all-parameter decoupled model for LB property of chicken
muscle tissue with high CB. (a) Eigenaxis orientation angle, α, obtained using LB-only model and
all-parameter decoupled model. (b) Linear phase retardation, β, obtained using LB-only model and
all-parameter decoupled model.
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Simulations have been performed to compare the performance
of the traditional “LB-only” model and “all-parameter”
decoupled model in extracting the LB property of four hypo-
thetical anisotropic optical samples with hybrid (LB+Dep),
(LB+CB), (LB+LD), and (LB+CD) properties. The results
have shown that while the all-parameter decoupled model
accurately extracts the LB property of all four samples, the
accuracy and repeatability of the LB-only model are severely
degraded for a sample with CB property. Notably, however, the
LB-only model is robust toward the effects of scattering-
induced Dep.

The practical feasibility of the proposed method has been
demonstrated experimentally using chicken breast muscle tissue
samples subjected to tensile loads ranging from 0 to 1.0 N. It has
been shown that the linear phase retardance (β), linear diatten-
uation (D), and Dep index (Δ) of healthy chicken breast tissue
increase with an increasing tensile load. However, the rotational
angle (γ) and circular diattenuation (R) remain approximately
constant as the tensile load is increased. For a chicken breast
sample with high CB, the all-parameter decoupled model retains
a good LB extraction performance. However, the LB results
extracted using the LB-only model not only exhibit a greater
variance than those extracted using the all-parameter decoupled
model but are also underestimated.

In summary, the results presented in this study show that the
traditional LB-only model provides a reliable LB extraction per-
formance for optical samples with strong LB or scattering-
induced Dep. However, the proposed all-parameter decoupled
model not only enables all of the optical properties of an aniso-
tropic optical sample to be extracted but also provides a more
accurate and reliable measurement of the LB property for sam-
ples with high CB.
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