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ABSTRACT OF THE THESIS 

A Stokes parameter study of collagen and polycaprolactone with polarized light microscopy 

by 

Aniket S Puri 

Master of Science in Materials Science and Engineering 

University of California San Diego, 2021 

Professor Lisa V. Poulikakos, Chair 

In this study, we demonstrate the use of Stokes polarimetry in combination with polarized 

light microscopy as a powerful tool in the characterization of anisotropic polymeric materials 

including collagen and poly (ϵ-caprolactone) fibers. Structural anisotropy has been shown to 

translate to optical anisotropy in the form of birefringence. We demonstrate that polarized light 

microscopy and Stokes polarimetry can be used to enhance the visualization of fibrous structures 

that are not ordinarily accessible by conventional microscopy techniques, by leveraging the 

birefringence of the material. With polarized light microscopy, we show the existence of 

birefringent Maltese cross structures in collagen synthesized at 22 0C and perform structural 

analysis of the system using Stokes polarimetry. The highly fibrous microstructural arrangements 



xii 

observed by polarized light microscopy and Stokes polarimetry for collagen synthesized at 40 0C 

and poly (ϵ-caprolactone) fibers can provide insights into the kinetics of polymerization. We also 

observe a change in birefringence due to the effect of strain on super elastic poly (ϵ-caprolactone) 

fibers. Overall, we demonstrate that combining Stokes polarimetry and polarized light microscopy 

has the potential to provide quantitative, point by point structural analysis of fibrous biomaterials. 

This study holds potential to provide insights into the kinetics and mechanics of disease 

progression and polymer synthesis.



 

1 

 

 

1. Introduction 

Microscopy is a powerful tool used to characterize morphology of samples across various 

disciplines. Microscopy techniques most broadly can be classified into electron microscopy, 

optical microscopy and confocal/nonlinear optical microscopy techniques. The electron 

microscopy technique variants provide very high resolution[1,2] (~ 0.2 nm) but they need sample 

preparation involving metallic sputtering, cryopreservation, freeze drying, chemical fixation 

etc.[2]  Even with the sample preparation, the SEM techniques still face the challenges of not 

accurately being able to visualize the required environment or artefacts introduced due to sample 

preparation in certain cases.[2–4] Confocal microscopy techniques are most widely used for 

imaging biological samples. The nonlinear optical microscopy techniques like multi photon 

microscopy[5–7], second harmonic generation microscopy[8–10], coherent anti-Stokes Raman 

scattering microscopy[11] are a few of the techniques that can provide very high-quality 

information about cellular functions and structure in this category as well. However, these 

techniques are significantly specialized, expensive, slower and need trained personnel for 

operation.[12,13] Another set of challenges faced by these techniques is related to sample 

preparation, requirement of tags, photobleaching and phototoxicity depending on the choice of 

microscopy technique and sample of interest.[12] The simple light illuminated microscopy 

techniques are fast, cheaper and can be used on most samples and are most widely used microscopy 

technique.[14] However, these microscopy techniques suffer from a subpar quality in regards to 

resolution[15] and lower available magnification.[16] As a result, there is a need of microscopy 

technique that is easily accessible to the researchers while providing high quality imaging. In 

recent years polarized light microscopy as a modification to the optical microscopy has proven to 
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be a very powerful technique in measuring anisotropic polymeric materials which would 

potentially improve the optical microscopy while preserving the advantage of rapid 

characterization for biological samples. 

Most biological materials exhibit some sort of anisotropy due to their structural 

organization. Biological materials such as actin[17], myosin[18], fibronectin[19], collagen[8,10], 

laminin[20] are anisotropic due to the linear nature of hierarchical organization. These fibrous 

materials are responsible for building the native tissues. Most cellular organizations are a result of 

membrane formation due to the aligned organization of lipids resulting in anisotropy. The 

structural anisotropy in materials can act as a diagnostic tool in case of various diseases where the 

organization of these materials is influenced by the disease. For example, the order and disorder 

in lipids is correlated with for diseases like Alzheimer’s through the formation of amyloid 

plaques[21–23]. Collagenous organization can lead to diseases related to fibrosis[24–26] and 

cancer[27,28]. The collagenous organization also plays a critical role in ocular diseases like 

myopia[29], glaucoma[30] and keratoconus; dermal diseases like Scleroderma[31,32] and various 

skin cancers[8,10,33]. The current state of the art for the characterization of the anisotropic 

biomaterials involves the confocal/nonlinear optical microscopy techniques. Multi photon laser 

scanning microscopy (MPLSM) and second harmonic generation microscopy have been used for 

characterization of carcinogenic tissues.[9,10,34]. However as discussed earlier, these techniques 

are expensive and highly specialized for microscopy as compared to simple optical light 

microscopy.  

The structural anisotropy in most materials translates to optical anisotropy by the means of 

optical properties like birefringence and diattenuation. The primary observable phenomenon from 
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microscopy perspective is birefringence. Birefringence is a property that has been explored 

extensively for crystallographic characterization in the field of geology[35,36] and food sciences 

for starch granules[37], protein fibrils and fat crystals[38,39]. For polymers, the source of the 

birefringence property is two-fold. First is from the organization perspective where alignment 

plays a role in the interference and the second is from the molecular perspective where the semi-

crystallinity and material affects the inherent birefringence of the material. The current state of the 

art for characterization of these properties are X-ray crystallography techniques like X-ray 

diffraction, small angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) and 

thermal characterization using differential scanning calorimetry (DSC) or mechanical using 

dynamic mechanical analyses as well as spectroscopic techniques. These techniques are bulk 

characterization techniques and it is difficult to provide point by point structural analysis of the 

material. Using polarized light microscopy as a supplement to these characterization techniques 

could provide spatial information that is generally not accessible in the analysis. 

An alternative set of techniques involving Mueller calculus and Jones calculus have been 

used to carry out the material characterization for measurement of optical properties like 

retardance, diattenuation and depolarization [40–42]. Efforts have also been made to enhance the 

birefringence of the materials using picrosirius red stains and Congo red stains to enhance the 

birefringence of the material for better imaging. However, the Mueller matrix of turbid media is a 

comparatively complex technique and requirement of either highly specialized instruments[43] or 

a tedious way of taking measurements[41] with specific optical retardation units. The resulting 

matrices are also difficult to decipher and not as easily accessible to researchers due to the 

validation being done by using complex simulations.[40–42,44] Additionally, enhancement of 

birefringence using the dyes like Congo red and Picrosirius red might prove to interfere with the 
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characterization of the material of choice and is dependent on the skills of the researcher 

performing the staining.[45,46]. Therefore, a label free method of rapid imaging is needed for 

characterization of the anisotropic structural material. 

In this study, we show a potential use of polarized light microscopy as a tool for assessing 

the structural parameters and material properties that are not as easily accessible by using 

conventional microscopy. The microscopy setup can be used for assessing the structure, kinetics, 

assembly and in some cases crystallinity of the material in a rapid label free form. The Stokes 

polarimeter setup has been used for diagnosing diseases in the past and our findings for synthesized 

collagen and poly(ϵ-caprolactone) structures have a broader potential in understanding the 

formation of the diseases. 
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2. Optics theory 

2.1 Introduction to polarized light 

In 1892, Fresnel described light as two orthogonal disturbances. These disturbances we 

now know to be the orthogonal electric field of a propagating light. The light propagation in time 

and space can be described using the electric field component in equation 1. 

 𝐸(𝑧, 𝑡)  =  𝐸0𝑥 𝑐𝑜𝑠(𝜔𝑡 − 𝑘𝑧 + 𝛿𝑥)𝑖̂  +  𝐸0𝑦 𝑐𝑜𝑠(𝜔𝑡 − 𝑘𝑧 + 𝛿𝑦)𝑗 ̂

 

Eq 1 

 

Where Ex(z,t) is the optical field component in xz plane, Ey(z,t) is the optical field 

component in the yz plane, ω is the angular frequency, k is the wavenumber and δx and δy are the 

phase components respectively. 

While eq 1 describes the polarization state of light it does not provide adequate information 

relating to the characteristics of the polarization state. To get a characteristic equation, it is further 

modified to eliminate the time dependent t and space dependent x to obtain equation 2[47,48]. 

𝐸𝑥(𝑧,𝑡)
2

𝐸0𝑥
2 +

𝐸𝑦(𝑧,𝑡)
2

𝐸0𝑦
2 −

2𝐸𝑥(𝑧,𝑡)
 𝐸𝑦(𝑧,𝑡)

𝐸0𝑥
 𝐸0𝑦

𝑐𝑜𝑠𝛿 = 𝑠𝑖𝑛2𝛿   
Eq 2 
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The equation 2 is an equation of an ellipse in its nonstandard form. This non-standardized 

ellipse describes the polarization state of light and is known as the polarization ellipse shown in 

figure 2.1. 

The polarization ellipse will represent a polarization state. A set of polarization states 

known as the degenerate polarization states are described and labelled in the Figure 2.2[49]. The 

degenerate states are linear horizontally polarized light (LHP), linear vertically polarized light 

(LVP). The LHP and LVP can be obtained by having either E0x = 0 or E0y=0 respectively. The 

linearly polarized light at +450 (L+45P) and -45 (L-45P) can be described by E0x=E0y and δ = 0 

Figure 2.1 : Polarization ellipse. 

Figure 2.2:  Degenerate states of light 
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and δ = pi respectively. The circularly polarized light can be described by making E0x = E0y. The 

circularly polarized light can be either right circularly polarized (RCP) at 𝛿 = 𝜋/2 or left circularly 

polarized (LCP) at 𝛿 = −𝜋/2. 

From the elliptical representation of the polarization state of light we can conclude that the 

polarization state of light can be described by the two characteristic quantities of ellipse. First the 

orientation angle 𝜓 and second the ellipticity angle 𝜒. These parameters can be related to the 

previously described parameters as shown in eq 3 and 4[47,49] respectively. 

𝑡𝑎𝑛2𝜓 =
2𝐸0𝑥𝐸0𝑦

𝐸0𝑥
2−𝐸0𝑦

2 𝑐𝑜𝑠𝛿,    0 ≤ 𝜓 ≤ 𝜋  Eq 3 

 

 

𝑠𝑖𝑛2𝜒 =
2𝐸0𝑥𝐸0𝑦

𝐸0𝑥
2 + 𝐸0𝑦

2 𝑠𝑖𝑛𝛿,−𝜋/4 < 𝜒 ≤ 𝜋/4  

 

Eq 4 
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The equations 3 and 4 describe the polarization state of light and are a very good 

representation system. However, the elliptical representation has a primary drawback that if passed 

through multiple polarizing media, the calculation becomes extremely tedious and very difficult 

to visualize the relative change in the polarization state of light. As a result, a spherical 

representation of polarization states of light was introduced known as Poincare sphere (Fig 2.3). 

The parametrization of Poincare sphere and its relation to the polarization ellipse parameters is 

shown in equation 5[49].  

Parametrization of the sphere: 

𝑥 = 𝑐𝑜𝑠(2𝜒) ⋅ 𝑐𝑜𝑠(2𝜓) 

𝑦 = 𝑐𝑜𝑠(2𝜒) ⋅ 𝑠𝑖𝑛(2𝜓) 

Eq 5a 

Eq 5b 

Figure 2.3 : A representative Poincare ellipse 
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𝑧 = 𝑠𝑖𝑛(2𝜒) 

𝑥2 + 𝑦2 + 𝑧2 = 1 

The 𝜒 and ψ in Figure 2.4 can be related to the polarization ellipse. Since, 𝜒 and 𝜓 were 

the characteristic properties of the polarization ellipse and polarization state of light, each of the 

point on the surface of Poincare sphere represents a unique polarization state of light and 

corresponding polarization ellipse. Figure 2.4 shows the different polarization ellipses 

corresponding to the regions along with the degenerate states of light. We can observe from the 

ellipse that if a point is on the equator of Poincare sphere, light is linearly polarized. The 

polarization state of light will have a right-handed rotation in the top hemisphere and left-handed 

in the bottom hemisphere of the Poincare representation. The poles represent the circularly 

polarized light and each of the point on the surface outside of the equator and poles is a 

configuration of elliptically polarized light. 

Eq5c 

Eq 5d 

Figure 2.4 : Different polarization states of light on a 

Poincare sphere along with degenerate states of light 
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2.2 Stokes parameters 

The Poincare sphere representation gives us an avenue of analysis of multiple polarization 

states represented on a single graph and being able to analyze the respective images. However, 

each point on the sphere is also an instantaneous representation of polarization state of the light. 

The instantaneous representations are not the direct measurable quantities for the polarization state 

of light. The measurable quantities for polarization state of light can be obtained by time averaging 

the polarization ellipse as shown in equation 6 to obtain equation set 7[49,50].  

𝑆1
2 = 𝑆2 

2 + 𝑆3
2 + 𝑆4

2 Eq 7a  

 

𝑆1 = 𝐸0𝑥
2 + 𝐸0𝑦

2 Eq 7b 

 

𝑆2 = 𝐸0𝑥
2 − 𝐸0𝑦

2 Eq 7c 

 

𝑆3 =  2𝐸0𝑥 ⋅ 𝐸0𝑦 ⋅ 𝑐𝑜𝑠𝛿 Eq 7d 

𝑆4 = 2𝐸0𝑥 ⋅ 𝐸0𝑦 ⋅ 𝑠𝑖𝑛𝛿, 𝛿 =  𝛿𝑦 − 𝛿𝑥  Eq 7e 

 

 The matrix representation of equation set 7 can be seen below: 

< 𝐸𝑖(𝑧, 𝑡), 𝐸𝑗(𝑧, 𝑡) > =  𝑙𝑖𝑚
𝑇→∞

1

𝑇
∫  
𝑇

0

𝐸𝑖(𝑧, 𝑡)𝐸𝑗(𝑧, 𝑡)𝑑𝑡, 𝑖, 𝑗 = 𝑥, 𝑦 
Eq 6 
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(

𝐼
𝑄
𝑈
𝑉

) = (

𝑆1
𝑆2
𝑆3
𝑆4

) =

(

 
 

𝐸0𝑥
2 + 𝐸0𝑦

2

𝐸0𝑥
2 − 𝐸0𝑦

2

2𝐸0𝑥 ⋅ 𝐸0𝑦 ⋅ 𝑐𝑜𝑠𝛿

2𝐸0𝑥 ⋅ 𝐸0𝑦 ⋅ 𝑠𝑖𝑛δ)

 
 

 

𝑆𝐿𝐻𝑃 = 𝐼0 ⋅ (

1
1
0
0

) , 𝑆𝐿𝑉𝑃 = 𝐼0 ⋅ (

1
−1
0
0

) , 𝑆𝐿+45𝑃 = 𝐼0 ⋅ (

1
0
1
0

) , 𝑆𝐿−45𝑃 = 𝐼0 ⋅ (

1
0
−1
0

), 

𝑆𝑅𝐶𝑃 = 𝐼0 ⋅ (

1
0
0
1

),𝑆𝐿𝐶𝑃 = 𝐼0 ⋅ (

1
0
0
−1

) 

  

 The Stokes parameter S1 or I represent the total intensity of the beam. The S2 or Q 

represents the preponderance of LHP over LVP. The S3 or U represents the preponderance of 

L+45P over L-45P and S4 or V represents the preponderance of RCP over LCP. These can be 

found experimentally by varying the angle between a waveplate and polarizer in a classical Stokes 

measurement set up where the light is passed through a waveplate and a linear polarizer described 

in the following sections. 

2.3 Mueller calculus: 

If there is an input beam with characteristic polarization state of 4X1 matrix and there is 

an output light beam with a different characteristic polarization state with 4X1 matrix there exists 

a 4X4 transformation matrix relating the material properties of matter to the optical behavior of 

interacting light. This transformation matrix for Stokes parameter calculations is known as the 

Mueller matrix[51] and is described in equation 8. 
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                                            𝑆𝑜𝑢𝑡 = 𝑀. 𝑆𝑖𝑛  Eq 8 

 

(

 
 

S1
out

S2
out

S3
out

S4
out
)

 
 
= (

𝑚00 𝑚01 𝑚02 𝑚03
𝑚10 𝑚11 𝑚12 𝑚13
𝑚20 𝑚21 𝑚22 𝑚23
𝑚30 𝑚31 𝑚32 𝑚33

) .(

S1
S2
S3
S4

) 

 

 

Based on the phenomenological interaction between light and matter, Mueller matrix can 

be further decomposed into various components to represent phenomenon of birefringence, 

diattenuation, rotation and refraction.[40][48] 

2.4 Jones calculus: 

An alternative calculus representation of the Mueller calculus is the Jones calculus. The 

Jones calculus introduces Jones vectors which contain the complex electric field components of 

light shown in the matrix representation below. 

𝑬 = (
𝐸𝑥
𝐸𝑦
) = (

𝐸0𝑥
𝑖δ𝑥

𝐸0𝑦
𝑖δ𝑦
) 

Similar to the Mueller calculus, the Jones matrix is the transformation matrix that will 

describe the polarization event in the light matter interaction. 

                                            Eout = J. Ein Eq 9 

 

𝐽 = (
𝑗𝑥𝑥 𝑗𝑥𝑦
𝑗𝑦𝑥 𝑗𝑦𝑦

) 
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The Jones calculus is simpler compared to Mueller calculus because it has one less degree 

of freedom compared to Mueller matrix.[52] As a result partial polarization state interactions 

cannot be calculated using Jones calculus.[49] 

2.5 Classification of optically active matter: 

The mathematical characterization from the light perspective and the change in the 

polarization state can be used to characterize the anisotropy of matter. The material that can cause 

a change in the polarization state of light by virtue of its anisotropy is called as optically active 

material. The characteristic properties of optically active matter are birefringence and dichroism. 

Birefringence: Birefringence is the property of a material to refract an incident light into 

two different components based on the difference in the propagation speeds due to the anisotropy 

along and orthogonal to the optical axis.[53] The birefringence can be classified into circular and 

linear birefringence.   The circularly birefringent material, also known as gyro tropic material[54], 

can change the degree of circular polarization state of light between RCP and LCP causing a 

change in the phase of the polarization state resulting in rotation. This effect can be observed in 

chiral media or optically active metamaterials.[55],[56] The linear birefringence is the ability of a 

material to similarly divide the material beam into two linearly polarized beams with different 

linear polarized states.[57] Crystals like Calcite, Quartz most polymers exhibit linear 

birefringence. 

Dichroism is the property of optically active material to differentially absorb the 

polarization components of light. Similar to birefringence, Dichroism can also be classified as 

either linear or circular dichroism. Circular dichroism is the difference in absorption of LCP and 

RCP light with respect to the optical center.[58] Circular dichroism is the principle used for CD 
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spectroscopy where the structure of chiral molecules can be determined. Linear dichroism or 

diattenuation is the difference between the absorption of polarized light along and orthogonal to 

the optical axis.[58] 

2.6 Polarimetry 

2.6.1 Stokes polarimetry  

As discussed earlier, the polarization are the measurables for the polarization state of light. 

The polarization states of light can only be measured relative to each other as described in 

equations 6 and 7. The optical configurations relating to the equations are shown in Figure 2.5 

[50,59]. 

 The experimental setup for the Stokes polarimetry tries to emulate these 

configurations. There are different methods like liquid crystal variable retarder[60–62], Plasmonic 

Figure 2.5[59]: Experimental configuration for stokes polarimetry 
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Eq 10 

nanomaterial-based polarimetry[63–65] or a simple combination of waveplate and polarizer 

configurations to achieve configurations shown in Figure 2.5. 

2.6.2 Mueller matrix polarimetry 

Similar to the Stokes polarimetry, Mueller matrix polarimetry can be achieved using 2 sets 

of quarter waveplate and polarizer setup (Fig 2.6B). The first set is a series of a quarter waveplate 

and a polarizer that will act as polarization state generator or PSG (Fig 2.6 A). The second set is 

the polarization state analyzer or PSA. In a single experimental measurement, 9 of 16 parameters 

can be obtained if the PSG can deconvolute each of the frequencies using a complex system of 

photo elastic modulators and lock in amplifiers.[43] In a more accessible configuration, for a full 

Mueller matrix measurement there need to be taken 36 measurements as shown by He et. a1 (2013) 

in equation 10. [41] 

(

𝑚00 𝑚01 𝑚02 𝑚03
𝑚10 𝑚11 𝑚12 𝑚13
𝑚20 𝑚21 𝑚22 𝑚23
𝑚30 𝑚31 𝑚32 𝑚33

)

= 0.5(

HH + HV + VH + VV HH +  HV −  VH −  VV HH + HV + VH + VV HH + HV + VH + VV
HH − HV + VH − VV HH −  HV −  VH +  VV PH −  PV −  MH +  MV RH −  RV −  LH +  LV 
HP + HM + VP + VM HP −  HM −  VP +  VM PP −  PM −  MP +  MM RP −  RM −  LP +  LM
HR −  LL +  VR −  RL HR −  VR +  VL −  HL PR −  MR +  ML −  PL RR −  RL −  LR +  LL

) 
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Figure 2.6: A) Mueller matrix polarimetry setup with polarization state generator (PSG) and 

polarization state analyzer (PSA). B) Schematic of polarization state generator (PSG) 

For equation 10, each of the parameter in the element has a specific incoming light 

configuration and outgoing configuration. Each of the incoming configuration is a degenerate state 

generated by PSG. The parameters are related to the polarizer position relative to the degenerate 

states of light i.e., H for LHP, V for LVP, P for +45P, M for -45P, L for LCP and R for RCP. For 

example, HH means the image obtained by having the incoming polarization configuration for 

LHP and outgoing for LHP as well. 
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3. Characterization techniques 

3.1 Microscopy 

The polarized light microscopy (PLM) was carried out as optical characterization 

technique. 

In PLM a quarter wave plate and linear polarizer are the optical elements from the 

microscope used for manipulation of the polarization state of light. The quarter wave plate (Nikon 

P-CL λ/4 @540 nm) is an element that introduces a quarter of a wavelength retardance along the 

axis of the transmitting light. The primary function of a quarter wave plate from the perspective of 

the experiments is to convert linearly polarized light to circularly polarized light. This can be 

calculated from equation 8 where, M = Mqwp (Mueller matrix of quarter wave plate at 450 to linear 

axis: equation 11) Sin = incoming linearly polarized light and Sout = resultant circularly polarized 

light. 

                      𝑀𝑞𝑤𝑝 = 1/2(

1 0 0 0
0 1 0 0
0 0 0 −1
0 0 −1 0

) 

 

Eq 11 

 

For the microscopy setup, the linear polarizer (Nikon D-DP rotatable polarizer) is the 

second important component that is used for obtaining the linearly polarized degenerate states of 

light. The equation for the linear polarizers used is shown in the matrix below where Mlp is the 

linear polarizer Mueller matrix, and 𝛾 is the angle between the x and y components of amplitude 

attenuation. Similar to the calculations performed for the quarter wave plate, the outgoing 

polarization can be obtained by using equation 8 where M = Mlp and the Mueller matrix of the 

linear polarizer is shown in equation 12. 
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𝑀𝑙𝑝 = 1/2(

1 𝑐𝑜𝑠(2𝛾) 0 0

𝑐𝑜𝑠(2𝛾) 1 0 0

0 0 0 𝑠𝑖𝑛(2𝛾)

0 0 𝑠𝑖𝑛(2𝛾) 0

) 

 

 

 

Eq 12 
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Figure 3.1: Optical path for Nikon LV100 ND microscope 
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The LV 100 ND uses halogen lamps for illuminations of the sample. These can be seen in 

the cage depicted by ‘g’ in Figure 3.2. The upper lamp and lower lamps are for illumination in 

reflectance and transmission mode respectively (Fig 3.1 and 3.2). In both the reflectance and 

transmission mode, the aperture can be adjusted by using the knob in the light path. For the 

experiments performed here we used the aperture to vary the region of interest experimentally for 

an average intensity measurement. The region of interest can also be defined using the NIS 

elements software and the subsequent analysis can be carried out as well. The component ‘a’ 

shown in Figure 3.2 is a combination of quarter wave plate and polarizer in transmission mode and 

reflectance mode in the respective paths. These can be useful for Mueller matrix polarimetry and 

act as PSA for the measurements (Fig 2.6). The component ‘c’ is a rotating stage where the sample 

Figure 3.2 The Nikon LV 100 ND microscope 

a) Polarizer 1 (P1) and quarter 

wave plate 1 (QWP1) 

c)Rotating sample stage 

d)Objective

e) Quarter wave plate 

b) Condenser 

f) Rotating polarizer 2 (P2) 

h) CCD camera 

g) Halogen lamp light source 
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is excited with the light. The microscope has 4 different objectives (TU Flour Nikon objectives) at 

component ‘d’ with adjustable 5X, 10X, 20X, 50X and 100X optical zoom. The component ‘e’ is 

the retractable quarter wave plate. The component ‘f’ is a retractable rotating linear polarizer (P2) 

used for filtering the polarization of light along the outgoing light path. The component ‘h’ is the 

CCD camera (Nikon DS-Ri2) used for microscopy images. The camera can be operated in three 

different modes namely, bino, photo and spectroscopy by adjusting the dichroic mirror path shown 

in Figure 3.1.  

Using configuration from Figure 2.5 and the optical light path shown in Figure 3.1 A, we 

can obtain Stokes’s polarimetry images. 7 images need to be obtained in accordance with the 

configurations that are described in table 3.1 for obtaining the full Stokes polarimetry. 

Table 3.1 : Images obtained for measurement of Stokes parameters 

Image Polarizer 1 Quarter wave 

plate 

Stokes 

configuration 

Image 1 Not inserted Not inserted I 

Image 2 Inserted at 0 Not inserted I0 

Image 3 Inserted at 45 Not inserted I45 

Image 4 Inserted at 90 Not inserted I90 

Image 5 Inserted at 135 Not inserted I135 

Image 6 Inserted at 0 Inserted RCP 

Image 7 Inserted at 90 Inserted LCP 
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 Following the imaging of the degenerate state of light for each of the sample 

described in above table, the individual Stokes parameters Q, U, V can be obtained as described 

in Figure 2.5.  The I, Q, U, V for each sample are obtained by using the MATLAB code (refer 

appendix 6.2.1). 

 After obtaining the I, Q, U, V the next step is to define the degree of polarization 

parameters. The three parameters defined for this set of experiments are degree of linear 

polarization (DOLP), Degree of circular polarization (DCP) and degree of polarization (DOP). 

The DOLP, DCP and DOP are calculated according to the equation 13a, 13b, 13c 

respectively.[66,67] 

𝐷𝑂𝐿𝑃 = 
√𝑄2 + 𝑈2

𝐼
 

Eq 13a 

 

𝐷𝐶𝑃 =  
|𝑉|

𝐼
 

Eq 13b 

 

𝐷𝑂𝑃 = 
√𝑄2 +𝑈2 + 𝑉2

𝐼
 

Eq 13c 
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4. Polarized light microscopy analysis 

4.1 Collagen 

4.1.1 Materials and methods 

Rat tail type 1 collagen was obtained from Fischer scientific (C3087) for the 

experimentation. The initial concentration of collagen was 4-5mg/ml. For the experiments, the pH 

and temperature were chosen as parameters of choice to be varied. The pH was varied as 7, 8, 9, 

10. The ionic strength was kept at 0.4. The collagen was maintained at 4 0C. The collagen pH was 

varied on ice using the Eppendorf frozen in ice (see Fig 4.2). The collagen gelling was carried out 

at room temperature (22 0C) and at 40 0C on a magnetic hot plate. The pH was measured by 

pipetting out 5 microliters onto a pH paper of mixture for every pH adjustment. 

A constant 300 microliters of collagen were pipetted into a 3 ml Eppendorf. Following 

which acetic acid was titrated to a pH of 3. The solution was titrated with Sodium hydroxide 

(NaOH) as base and Sodium bicarbonate (NaHCO3) as a buffer for obtaining the required pH. 

Finally, 10 % v/v of the final volume Phosphate buffered saline (PBS) was added to the collagen 

Figure 4.1: Eppendorf frozen in ice for collagen experiments  
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solution. The collagen was then pipetted onto the petri dish or the custom prepared wells that are 

shown in Figure 4.2 for polymerization.  The collagen synthesis was conducted on ice, using the 

frozen Eppendorf shown in Figure 4.1. 

The collagen samples were subsequently imaged on a polarized light microscope for 

analysis. 

4.1.2 Results and Discussions 

For the first set of collagen imaging, 450 microliters of collagen mixture were pipetted onto 

a 26 mm diameter culture plate. 

The resulting images is shown in Figure 4.3. This image is an optical microscopy image 

where the sample is excited by a linearly polarized light oriented in 0 to 900 orientation. In the 

overall area of the well plate, the polymerization of collagen was found to be very sparse. We 

found very few strands of polymerized fibrillar collagen in this image set. On the periphery 

particles dispersed (highlighted in red) throughout the plate can be observed. These are a 

combination of sparsely polymerized collagen and possibly the particulate artefacts on the glass 

slide. Changing the polarizer orientation in the outgoing path in the microscope did not give any 

Figure 4.2: Custom prepared wells for collagen polymerization 



 

26 

 

appreciable information during this particular imaging. However, this experimentation was the 

first confirmation of collagen being polymerized and forming fibrils. Subsequently, collagen was 

prepared in custom wells (Fig 4.2) to restrict the volume and increase the molecular crowding of 

collagen for synthesis. 

Custom well polymerized collagen provided information on microstructural analysis of 

collagen (Fig 4.4 and .4.5). More fibrillar features can be observed in both Figure 4.4 and 4.5. The 

images here were obtained as a reference image of no polarizer in the outgoing path for microscopy 

(Fig 4.5) and a cross polarized image where axis of polarizer P2 along the outgoing path is 

orthogonal to the incoming polarizing light (Fig 4.5). The Figure 4.5 image shows that the 

visualization of collagen microstructural features is enhanced when the polarizers are cross 

polarized (P1 and P2 in Figure 3.1 are orthogonal to each other). The ability to see the 

microstructural features of collagen organization in images obtained during cross polarization of 

polarizers is due to the optical anisotropy of the collagen fibers. 

Figure 4.3: Image of collagen synthesized at 9 pH and 

room temperature in a 26 cm diameter well plate at 10X 

magnification. Scale = 100 μm 
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Comparing Figure 4.5 and 4.7, we can see that the collagen at room temperature has a more 

sheet like appearance as compared to the branching at 40 0C temperature. The comparison of Figure 

4.5 and 4.7 shows the effect of faster kinetics in collagen polymerization.[68–70]  For collagen 

synthesized at room temperature, there appear to be dark spots of accumulations (highlighted by 

red circles in image 4.6) of collagen throughout the image of the polymerized collagen matrix. In 

image 4.6 we can see that these dark spots have a distinctive pattern of Maltese cross structures. 

The Maltese cross structures provide information about the structure of the biomaterial[71]. The 

corresponding images show that only the Maltese cross structures are birefringent in case of 

Figure 4.4: Collagen image without P2 at 8 pH and 400C and 20 X magnification Scale = 100 

μm 

Figure 4.5 : Cross polarized collagen image at 8 pH and 400C and 20 X magnification. Scale = 

100 μm 
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collagen polymerization, because the polymerized parts that do have more sheet like structures 

(pointing arrows in Fig 4.6) do not appear in the cross polarized image. In assessing the polymeric 

properties of starch, it is shown that light microscopy can prove to be an even more powerful tool 

than scanning electron microscopy in reference to samples with Maltese cross structures. [72–74]. 

The Maltese cross structures have shown to be a consequence of lamellar folding of polymers on 

each other in case of Elastin like recombinant materials and other spherulite forming polymeric 

structures.[71,75] The formation of Maltese cross structures is a consequence of different 

Figure 4.7:  Collagen image with cross polarizers at room temperature and 8 pH 

Scale = 100 μm (image enhanced for visibility from Appendix Figure 6.1) 

Figure 4.6 : Collagen image without polarizer P2 at room temperature and 

8pH Scale = 100 μm 
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crystalline phases for starch, protein and fat materials.[35–37] The Maltese cross structures 

indicate a possible crystalline phase formed in the synthesized collagen matrices. 

 Following the above observations, we conducted a stage rotation study using 

polarized light microscopy. From movie S1 (Puri_01_rotation_S1) for collagen synthesized at 

room temperature and pH 8, It can be seen that the orientation of the cross pattern does not change 

during rotation of the stage. Similarly, for the pH 8 at temperature of 40 0C in movie S2 

(Puri_01_rotation_S1), a very small cross pattern at the center can be observed that behaves in a 

similar way. These observations show credence to the theory that similar to spherulitic crystal 

formation, collagen follows a nucleation and growth mechanism [76,77] The observations support 

a claim that there is formation of crystallite patterns at the center as evidenced by their Maltese 

cross structural appearance. These patterns then grow and form collagen fibrils as the molecular 

entanglement increases due to faster kinetics at higher temperature. The results of the faster 

kinetics can be seen in Figure 4.4 where the collagen branches seem to have grown from the center. 

The movie S2 (Puri_02_rotation_S2) of the collagen synthesized at 40 0C, show that there are 

regions of collagen on periphery that change the illumination and reappear and disappear as the 

sample is rotated. Near the center of each of the collagen cluster, we can see that there are not as 

many fluctuations. Since the outgoing light behavior shows a dependence on the polarization state 

of excited light, we can conclude that the collagen fibrils are birefringent in nature and more 

anisotropic compared to the collagen synthesized at lower temperature due to the brightness of 

each of the patterns. Some fibers exhibit birefringence, but there also are several regions that might 

show other optical anisotropic properties. Most fibrous materials will show birefringence due to 

the alignment of the molecules along the orientation of the fiber. However, the bulk polymers will 

not show as strong a birefringence effect because of the random orientation of the material.[78] 
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We can see this effect in the behavior of collagen for cross polarized and unpolarized image 

samples. 

  For further characterization of the optical properties of the collagen, a Stokes 

parameter measurement was conducted according to the protocol shown in chapter 3 using the 

MATLAB code described in appendix (6.2.1). The Stokes parameters images are measuring the 

outgoing polarization state of light. The purpose of the imaging experiment here is to see if the 

outgoing light provides insight onto the structural properties of collagen. 

Figure 4.8 First Stokes parameter (I) for collagen synthesized at 8 pH 

and room temperature. Inset highlighting region of Maltese cross structure. 
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Figure 4.10: Third Stokes (U) parameter image for collagen synthesized at 8 pH and room 

temperature Inset highlighting region of Maltese cross structure (image enhanced for 

visibility from Appendix Figure 6.2) 

Figure 4.9 : Second Stokes parameter (Q) image for collagen synthesized at 8pH and 

room temperature. Inset highlighting region of Maltese cross structure (image 

enhanced for visibility from Appendix Figure 6.3)   
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An important consideration for all of the Stokes parameter is the polarization state of light 

excited light. Since the sample is excited by linearly polarized light whose polarization is oriented 

in 00 - 90 0 angle, the maximum background light will transmit through in case of the first and 

second Stokes parameter measurements. This phenomenon can be observed from the higher 

brightness of the background and sample observed in Figure 4.8 and 4.9. Similarly, since the 

incoming light is not oriented at 450 and has no circular polarization state, the Figure 4.10 and 4.11 

appear to have lower intensity values. A closer look at the cross inset regions on each of the Figures 

from 4.8 to 4.11, shows that except for the first Stokes parameter, every one of them shows a 

Maltese cross pattern. The appearance of Maltese cross patterns in these images reinforces the idea 

that the optical activity of collagen plays an important role in polarized light microscopy. The 

pattern is not as distinct comparatively for the first Stokes parameter because of the background  

Figure 4.11 : Fourth Stokes parameter (V) image of collagen synthesized at room 

temperature and 8 pH. Inset highlighting region of Maltese cross structure (image 

enhanced for visibility from Appendix Figure 6.4) 
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light being polarized parallel to the parameter Q axis i.e., 00-900. An observation that can be made 

for the Maltese crosses for each of the material is that the direction of the cross for second Stokes 

parameter (Figure 4.9 - inset cross) is complementary to that of the third Stokes parameter (Figure 

4.10 - inset cross). For reference, the inset cross in Figure 4.9 with high intensity values (~0.2-0.4) 

is vertically aligned. However, the inset cross with high intensity values (~0.2-0.6) in figure 4.10 

is at an angle approximately 300 rotated counterclockwise to the vertical alignment. These 

observations further provide justification for the hypothesis that the structure of the material 

consist of semicrystalline lamellar sheets oriented radially as described in Elsharkawy et. al (2018) 

due to the pseudo isotropic behavior of polarization state of light.[79] In Figure 4.11 (inset), the 

fourth Stokes  parameters show the cross structure with 2 radially outward arms as opposed to 4 

in case of the second (Figure 4.9 inset) and third Stokes (Figure 4.10 inset) parameter. This 

indicates that these Maltese cross structures exhibit a different retardance for circular polarization 

and linear polarization states. This could also be a result of additional interference due to the 

diattenuation and optical activity of the material.  

 As a consolidation of all of the data, the overall degree of polarization parameters 

was calculated as shown in the Figures 4.8 to 4.11 in accordance with the equations 13a to 13c. 
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Figure 4.13 : DCP image of collagen synthesized at room temperature and 8 pH 

Figure 4.12 : DOLP image of collagen synthesized at room temperature and 8 pH 
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 From the above Figures, DOLP (Figure 4.12) shows the regions of no sample to 

have the brightest values (>0.4). This is expected due to the linearly polarized background signal. 

Similarly, the DOLP is represented dominantly in the overall DOP image. In previous research 

conducted by Shi et. al. (2021), starch was found to show Maltese cross structures similar to the 

structures shown here as a consequence of birefringence.[75] Further investigation needs to be 

conducted to understand the role of structure and crystallinity in the formation of the Maltese cross 

structures and the exact effects leading up to the nature of birefringence caused. 

Following the room temperature collagen imaging, the Stokes parameters for the collagen 

synthesized at higher temperature of 40 0C were subsequently analyzed.  

Figure 4.14 : DOP image of collagen synthesized at room temperature and 8 pH 
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Figure 4.16 : Stokes parameter Q image of collagen synthesized at 40 0 C and 9 pH 

Figure 4.15 : Stokes parameter I image for collagen synthesized at 40 0 C and 9 pH 



 

37 

 

 

Figure 4.17 : Stokes parameter U image of collagen synthesized at 40 0 C 

and 9 pH.  

 

Figure 4.18 : Stokes parameter V image of collagen synthesized at 40 0 C and 9 pH 

(Circle highlighting the fibril region of interest.) 
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` For the collagen synthesized at 40 0C temperature, we see a similar behavior of 

brighter I and Q (red regions on colormap) image in Figure 4.15 and 4.16 respectively, due to the 

linearly polarized nature of the background light. We also only see the fiber illumination in case 

of U and V Stokes parameters (Fig 4.17 and 4.18) as an evidence for the optical activity of the 

collagen. We can see that the collagen for parameter U (Fig 4.18) is more uniformly spread than 

the parameter V (Fig 4.17). The fibrils in the highlighted circle in Figure 4.18 have a negative 

value region (blue) and a positive value region (red). The positive values of V parameter denote 

the lower amount of retardance resulting in right circularly polarized light. The negative values 

denote higher retardance in orthogonal axis of polarization resulting in left circularly polarized 

light. A birefringent material will affect the incoming light differently along its fast axis and slow 

axis of orientation. If we consider the Figure 4.18 to be a result of birefringence, we can 

hypothesize that the reason we get a positive value is because the slow axis of the structures is 

predominantly oriented perpendicular to the incoming light resulting in lower retardance. 

Similarly, the negative values observed in Figure 4.18 could be a result of the fast axis being 

predominantly orthogonal to the incoming light polarization resulting in higher retardance. These 

observations provide a point-by-point analysis on the molecular structural orientation of collagen 

fibrils. This also reinforces the notion that the collagen polymerization kinetics are due to the 

nucleation and growth of crystallites originating from the center since we see a similar pattern at 

the center in case of collagen synthesized at room temperature (Fig 4.11 inset cross). H.E. Oh et. 

al (2008).,  have shown that increasing temperature increases the birefringence and crystalline 

properties of starch.[80] The temperature difference seems to have affected the retardance 

properties of collagen here as well and a change in retardance can be observed. 
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From the DCP image of collagen synthesized at 40 0 C, it can be observed that almost all 

of the collagen fibrils from the reference intensity image are visible in the Figure 4.19. There is an 

absence of regions that are polymerized but not optically active as compared to the images for 

collagen synthesized at room temperature. This could point to the fact that the collagen is more 

likely to be birefringent if it is in a fibrillar form due to the molecular alignment and orientation. 

Comparing across the samples, we noticed that for the pH range of 7,8, 9 and 10 the 

collagen architecture looks similar when synthesized at room temperature. We can observe the 

Maltese cross structures that are described along with a few silent regions that are not illuminated 

in cross polarized configuration of the microscope. as described in earlier sections (refer Fig 4.7). 

Similarly, for the pH 7, 8 and 9 we observed a similar trend where the collagen synthesized at 40 

0 C showed the branched structure. At pH 10 and 40 0 C, however we noticed that instead of the 

Figure 4.19 : DCP of collagen synthesized at pH 9 and 40 0 C 
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branched structure, the collagen formed distorted Maltese cross structures as shown by DCP image 

in Figure 4.20. These could be because at higher pH and temperature collagen might start losing 

its triple helical structure. These differences in the pattern would not ordinarily be visible without 

the use of Stokes parameter measurements. 

As observed in this section, PLM and Stokes polarimetry provide information that is not 

otherwise easily accessible to the researchers. However, each of the hypotheses need an additional 

supplementary technique characterization like SAXS, DSC etc. for a conclusive evidence. A future 

study exploring the structural relationship with the optical observations shown here is needed for 

confirmation of the hypotheses mentioned here. 

 

Figure 4.20 : DCP image of collagen synthesized at pH 10 and 40 0C 
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4.2 PCL 

4.2.1 Materials and methods 

The poly(ϵ-caprolactone) (PCL) fibers analyzed here were provided by Pokorski lab at 

UCSD. We would like to thank Professor Jon Pokorski and Justin Hochberg for making the 

samples available to us. The detailed materials and methods synthesis can be found in Kim et. al. 

(2017).[81,82] The highly elastic PCL fibers were subjected to a constant uniaxial stress rate to 

obtain the final strain shown in Figure table 4.1 on an Instron mechanical testing instrument. 

Table 4.1: Subjected strain for each of the PCL samples 

Sample Strain 

DRM 3 300% 

DRM 4 400% 

DRM 5 500% 

DRM 6 600% 

 

4.2.2 Results and discussions 

The PCL images were first conducted using optical microscopy. The optical microscopy 

images in Figure 4.21 show that all of the PCL fibers are aligned and oriented. The morphological 

signatures of PCL fibers are similar at 10X magnification as indicated from the figure. The first 

set of experiments for birefringence were done by calculating the average intensity of PCL fibers 

when rotated on the stage. 
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The rotation was carried out on the stage for DRM 3, DRM 6 and a sample on which strain 

was applied using a vernier caliper. We conducted two sets of experiments for this study. The first 

set is when the polarizer P2 is removed from the optical path (Fig 4.22- 4.24 unpolarized data) and 

second when the polarizer P2 is included in the optical path (Fig 4.22-4.24 polarized data). The 

measurements were conducted at similar starting average intensity values. 

Figure 4.21: DRM optical microscopy images of PCL fibers DRM3, DRM4, DRM5, DRM6 

DRM3 

DRM5 DRM6 

DRM4 
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Figure 4.23 : Average intensity measurement of rotation of polarized state 

and unpolarized states on DRM 6 sample 

Figure 4.22 : Average intensity measurement of rotation of polarized state 

and unpolarized states on DRM 3 sample 
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  It can be observed from Figures 4.22-4.24 that the average intensity with polarized 

samples is periodic in nature. We conducted a sinusoidal curve fitting method on above parameters 

(see Appendix 6.2.2). The periodicity was observed to be approximately π as summarized in table 

4.2.  

 

 

 

 

 

 

Figure 4.24 : Average intensity measurement of rotation of polarized state 

and unpolarized states on highly stretched sample 
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Table 4.2: Table showing the amplitude and period of sinusoidal curve fit data of DRM 

samples 

Sample Unpolarized 

Amplitude 

Polarized 

Amplitude 

Period 

DRM3 2.19 10.16 ~𝜋 ∗ 

DRM6 1.47 15.3 ~𝜋 ∗ 

Stretched 

rotation 

3.41 52.01 ~𝜋 ∗ 

*: The periodicity values are approximate. 

The observed periodicity is expected to be at π because the fibers are oriented in a particular 

direction. If we assume the oriented fibers to be a birefringent material with a fast axis and a slow 

axis oriented orthogonal to each other, the lowest intensity will be observed when the polarized 

light components are at an angle somewhere in between the maximum and minimum. This might 

explain why we can observe a lowest value at approximately in the range of  
π

3
-  
π

6
 angle from the 

highest value in Figure 4.22-4.24 for DRM3, DRM6 and stretched PCL samples. The orientation 

of fibers and the orientation of incoming light creates an axis where both align and are orthogonal 

to each other. When the axis of the incoming light and the fast axis of fiber orientation coincide, 

we see a maximum intensity value peak that is observed in the figures. When the axis of the 

incoming light coincides with the slow axis, we will see a high peak but, it will be smaller than the 

highest value and approximately 
π

2
 from the highest value. This can also be observed in Figure 

4.22-4.24 for DRM3, DRM6 and stretched samples. 
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The reference unpolarized data does not show a similar behavior for observed average 

intensity. The reason for this kind of behavior can be explained by the anisotropy axis of the fibers. 

When the sample is excited with linearly polarized light, a birefringent material will allow more 

light to pass along the axis that is parallel to the vibration plane of fast axis of the birefringent 

material. As a result, we observe the periodic behavior. The amplitude of the material can also be 

observed to increase due to an increase in the birefringence of the material for DRM 3 (amplitude 

~ 10.16), DRM 6 (amplitude ~15.3) and highly stretched sample (amplitude ~2  52.01). These 

amplitude changes indicate that an increased amount of strain and alignment results in increase of 

birefringence of PCL fibers. These observations are in agreement with the previous literature on 

birefringent polymeric materials [78,83–85] where the source of birefringence is credited to the 

molecular alignment of polymers. As the strain is increased, the polymer fibrils are more oriented, 

resulting in higher birefringence.  

Following the rotation study, we conducted a Stokes polarimetry study for all of the DRM 

samples.:  

Comparing the Stokes parameters on I, Q, U, V for DRM3 (Fig 4.25), it can be observed 

that the I image (Fig4.25A) is almost saturated. Which is to be expected due to the background 

orientation similar to the collagen images. The intensity values in Q image (Fig 4.25B) are positive 

as compared to that of  the negative in the same region for U (Fig 4.25C) and V (Fig 4.35D) image. 

The PCL samples have comparatively higher thickness than collagen samples observed. It can also 

be observed that PCL samples have significantly higher opacity. The higher opacity might lead to 
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a more scattering due to its higher opacity. According to Mie theory of scattering, it is observed 

that for cylindrical objects the photons preserving the polarization tend to scatter in the direction 

orthogonal to the axis of cylinders.[41,86] This could explain why there U and V parameter values 

are predominantly negative. However, the out of focus values of V (Fig 4.25 highlighted circle) 

show a positive value. This could again be a result of either birefringence or scattering. The Stokes 

parameter measurements for PCL fibers show that the coupling between the scattering due to the 

structural alignment and the inherent birefringence property need to be resolved for a more 

comprehensive understanding of the birefringence of PCL fibers. Overall, from a structural point 

of view, the DRM 3(Fig 4.25), DRM  4(Appendix Fig 6.2), DRM 5(See Appendix 6.3) and DRM 

6 (Appendix Fig 6.4), no distinct qualitative pattern was observed. A more quantitative study needs 

to be conducted to assess the optical properties of PCL fibers. However, for these samples, the 

Figure 4.25: Stokes polarimetry images of A) I, B) Q, C) U, D) V parameters of 

DRM 3 sample. Circle highlighting out of focus region 
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quantitative assessment was proven to be a challenge due to the difficulty to focus on the individual 

features as result of fibrous nature of the material. As we can observe in Figure 4.25D, the region 

highlighted is out of focus, and they show a different signature (positive value in this case) for 

Stokes parameters as compared to the rest of the DRM3 sample. 
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5. Conclusion, limitations and future perspective 

In summary, we demonstrated from chapter 4.1 that synthesized collagen shows optical 

activity and birefringence that can be characterized by polarized light microscopy. We also 

demonstrate that the observed Maltese cross patterns are an interference pattern and provide insight 

onto the birefringence of the material when collagen is synthesized at 200 C. The collagen 

structures show a fibrillar arrangement when synthesized at 400 C and seem to grow from the 

center giving credence to the nucleation and growth theory of spherulites[70,77,78]. We have also 

demonstrated that almost all of the collagen synthesized at 400 C is optically active in nature as 

opposed to that synthesized at 20 0C. We have also demonstrated through the Stokes parameter 

measurements that the collagen starts to structurally change at 400 C temperature as we change the 

pH (observed at 10 pH). From the study conducted for PCL in chapter 4.2 we can summarize that 

increasing the strain on fibrous material results in an increase in birefringence. The increase in 

birefringence can be related to the higher molecular alignment of the PCL fibers. We have also 

demonstrated through V parameter measurement that the scattering plays an important role in 

highly aligned and significantly opaque PCL fibers. 

From Collagen studies conducted in section 4.1, we can conclusively derive that the Stokes 

polarimetry and PLM provide a rapid spatial analysis of structural properties of material that is not 

ordinarily accessible using the conventional characterization techniques. Assisted Stokes 

polarimetry provides an avenue for correlation of the light images to the material properties of the 

sample in case of birefringent features like Maltese cross structures and fibers. We also 

demonstrate that the PLM and Stokes parameter study can assist in assessing the kinetics from the 

structural point of view and can provide important structural information in combination with 

conventional characterization techniques. 



 

50 

 

The scattering and turbidity play a major role in polarization propagation of the material. 

As a result, increased sample thickness and opacity lead to a major limitation where they need to 

be lower for the Stokes parameter measurements. For the full understanding of the material 

parameters, a Mueller matrix polarimetry will provide more comprehensive measurement and 

differentiate between the properties such as diattenuation, birefringence and depolarization which 

cannot be done using the Stokes polarimetry.[40,41]  For the measurement of fibrous thick samples 

like PCL fibers, it is difficult to obtain images at higher magnification compared to other 

techniques, which might pose an issue for different Stokes polarimeter analyses. 

 For future perspective, the Stokes parameter study should be assisted with the 

conventional XRD and DSC techniques to confirm the hypotheses made here. A full Mueller 

matrix polarimetry also will be conducted on the samples to verify the validity and degree to which 

the Stokes parametric measurements can accurately differentiate between the optical anisotropic 

properties. Broader spectral analyses of the Stokes parameters are also necessary as future steps to 

further verify the hypotheses and confirm the role of scattering and absorption along with the 

transmission for the Stokes polarimetry. 
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6. Appendix 

6.1 MATLAB Code 

6.1.1 Stokes parameter measurement 

%read the images and store in the respective matrices. 

A = imread('DRM4_0.tif');                %top polarizer at position 0 

B = imread('DRM4_45.tif');               %top polarizer at position 45 

C = imread('DRM4_90.tif');               %top polarizer at position 90 

D = imread('DRM4_135.tif');              %top polarizer at position 135 

E = imread('DRM4_no polarizer.tif');                %All polarizers removed 

R = imread('0qwp.tif');           %RCP - 0 top polarizer plus qwp in 

L = imread('90qwp.tif');            %LCP - 90 top polarizer plus qwp in 

 

% all images read 

 

% Convert to double to get negative values as well 

A=im2double(A); 

B=im2double(B); 

C=im2double(C); 

D=im2double(D); 

E=im2double(E); 

R=im2double(R); 

L=im2double(L); 

 

% Stokes parameter calculations 

Q=(C-A); 

U=(D-B); 

V=(L-R); 

F=((Q.^2+U.^2).^(1/2))./E;%DOLP calculation 
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G=abs(V)./E;%DCP calculation 

H=((Q.^2+U.^2+V.^2).^(1/2))./E;%DOP calculation 

  

%Individual figures of each plot. 

figure,imshow(A);title('0'); 

figure,imshow(B);title('45'); 

figure,imshow(C);title('90'); 

figure,imshow(D);title('135'); 

figure,imshow(E);title('no polarization'); % First Stokes parameter 

figure,imshow(Q);title('Q');colorbar; % Second Stokes parameter 

figure,imshow(U);title('U');colorbar; % Third Stokes parameter 

figure,imshow(V);title('V');colorbar; % Fourth Stokes parameter 

figure,imshow(F);title('DOLP');colorbar; % Degree of linear polarization 

figure,imshow(G);title('DCP');colorbar; % Degree of circular polarization 

figure,imshow(H);title('DOP');colorbar; % degree of polarization 

  

 

%Save the data 

mkdir('Stokes parameters') 

  

mkdir('Stokes parameters/RGB') 

imwrite(Q,'Stokes parameters/RGB/Q.jpg','jpg'); 

imwrite(U,'Stokes parameters/RGB/U.jpg','jpg'); 

imwrite(V,'Stokes parameters/RGB/V.jpg','jpg'); 

imwrite(F,'Stokes parameters/RGB/DOLP.jpg','jpg'); 

imwrite(G,'Stokes parameters/RGB/DCP.jpg','jpg'); 

imwrite(H,'Stokes parameters/RGB/DOP.jpg','jpg'); 

  

imwrite(G3,'Stokes parameters/B/DCPB.jpg','jpg'); 
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imwrite(H3,'Stokes parameters/B/DOPB.jpg','jpg'); 

  

%Data range must be from 0 to 1 

datarangeF=[min(F(:)) max(F(:))]; 

datarangeG=[min(G(:)) max(G(:))]; 

datarangeH=[min(H(:)) max(H(:))]; 

 

6.1.2 MATLAB code Sinosoidal curve fit 

x=SRA; 

y=SRU; 

yu = max(y); 

yl = min(y); 

yr = (yu-yl);                               % Range of ‘y’ 

yz = y-yu+(yr/2); 

zx = x(yz .* circshift(yz,[0 1]) <= 0);     % Find zero-crossings 

per = 2*mean(diff(zx));                     % Estimate period 

ym = mean(y);                               % Estimate offset 

fit = @(b,x)  b(1).*(sin(2*pi*x./b(2) + 2*pi/b(3))) + b(4);    % Function to fit 

fcn = @(b) sum((fit(b,x) - y).^2);                              % Least-Squares cost function 

s = fminsearch(fcn, [yr;  per;  -1;  ym])                       % Minimise Least-Squares 

xp = linspace(min(x),max(x)); 

figure(1) 

plot(x,y,'b',  xp,fit(s,xp), 'r') 

grid 
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6.2 Collagen images without correction:  

 

 

 

 

Figure 6.1: Raw image for Figure 4.6 

Figure 6.2: Raw image for Figure 4.9 
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Figure 6.4: Raw image for figure 4.10 

Figure 6.3: Raw image for figure 4.10 
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6.3 PCL fiber images. 

 

 

 

 

Figure 6.5: An example images for 

rotation images of PCL fibers at DRM 6 from 

00 to 3000 at an interval of 150 
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Figure 6.6: Images of Stokes polarimetry parameters I, Q, U, V for DRM 4 PCL fibers 
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Figure 6.8: Images of Stokes polarimetry parameters I, Q, U, V  for DRM 6 PCL fiber 

 

Figure 6.7: Images of Stokes polarimetry parameters I, Q, U, V  for DRM 5 PCL fibers 
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6.4 Supplementary videos 

Supplemental video 1: Puri_01_rotation.wav 

Supplemental video 2: Puri_02_rotation.wav 
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