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Abstract: We have developed an efficient simulator for polarized light microscopy experiments. It
supports calculations for multiple analyzer angles across different channels of a polarized camera,
enhancing imaging capabilities. Our model is publicly available here.
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1. Introduction

Polarized Light Microscopy (PLM) is a fundamental optical technique for analyzing the optical
properties and structures of anisotropic materials. Widely applied in fields such as mineralogy and
biology, PLM facilitates the study of birefringent substances, including crystals, fibers, and biological
tissues. Accurately determining optical properties through PLM allows for the identification of the
molecular composition of a material [1]. Additionally, PLM measurements enable for the precise
determination of an object’s depth map.

Figure 1a illustrates a basic experimental PLM setup [2]: A normal incidence white-light beam
passes through a linear polarizer before reaching the material. Within the sample, ordinary and
extraordinary waves propagate at different velocities. When passing through an analyzer, the
interference of the two waves produces the characteristic colors images at a sensor. A polarized
camera captures multiple channels for different analyzer angles (typically 0, 45, 90, and 135 degrees).
This angular variation allows for a precise determination of the optical path difference (OPD) between
ordinary and extraordinary waves.

This work introduces two efficient methods for simulating polarized light microscopy (PLM)
experiments: numerical and analytical. These simulations can enhance the imaging capabilities of
conventional PLM techniques. Future research will focus on minimizing the mean square error
between simulated data and actual measurements to determine optimal material properties and the
3D shape of objects.

2. Method

Uniaxial anisotropic materials have a specific orientation defined by an optical axis p̂ =

(cos θ, sin θ, 0), where θ is the tilt angle of the material [3]. In this work, we assume that the optical
axis is perpendicular to the wave propagation direction along the z−axis. This configuration can
be manually set and commonly occurs in the study of many fibers, which often lie flat on the glass
substrate (see Fig. 1a). This setup is particularly useful for distinguishing long hairs from different
mammals.

The linear electric field E⃗ = Ex x̂ entering the material can be decomposed into two orthogonal
components: E⃗|| = (E⃗ · p̂) p̂ and E⃗⊥ = E⃗ − E⃗⊥. The component perpendicular to the optical axis
generates ordinary waves, characterized by the ordinary complex refractive index ño = no + iκo. Here,
no = c/v represents the speed of light in the material relative to the speed of light in a vacuum, and
the extinction coefficient κo measures light absorption. According to Lambert-Beer’s law, the intensity
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of a collimated beam is I = I0e−αoz, where αo =
4πκo

λ is the absorption coefficient [4]. For materials that
are nearly transparent in the visible spectrum κo ≈ 0. Similarly, the electric field component parallel
to the optical axis propagates with the extraordinary complex refractive index ñe = ne + iκe, where
κe ≈ 0 for our particular case of study.

The phase difference between ordinary and extraordinary waves [5] is given by ∆ϕ =

2π/λ ∆n d(x, y), where ∆n = ne − no represents the birefringence and d(x, y) the depth map at
different locations. The analyzer in front of the sensor has a specific transmission axis, denoted by
â = (cos α, sin α, 0). We need to consider the projection of both parallel and perpendicular electric
fields along the â−axis. These projections are expressed as the scalar values Ea

⊥ = (E⊥ · â)ei∆ϕ and
Ea
|| = E|| · â. The final intensity at the sensor location is then calculated as I ∝ |Ea

⊥ + Ea
|||

2.
Although all these previous operations can be performed numerically, we have derived an

equivalent analytical formula that enables a more efficient computation of the resulting image:

I = cos2(α) + 4 sin2
(

∆ϕ

2

)
cos(θ − α) cos(θ)

(
cos(θ − α) cos(θ)− cos(α)

)
(1)

3. Results and Validation

We have carried out the wave propagation through the PLM system using a simulated sample of
a single cow hair fiber [6] with a certain tilt of 20 degrees with respect to the abscissas axis. Figure 1b
shows the simulated depth map used as an input for our models. The refractive indices were ne = 1.55
and no = 1.54, which define a slight positive birefringence ∆n = +0.01. The optical axis is along the
longitudinal part of the fiber. The ordinary waves then occur when the E-field oscillates along the
cross-wise direction of the fiber. We evaluated Equation (1) for wavelengths from 380 to 780, with
a step size of 10 nm. Following the procedure described in [7], we converted a multi-wavelength
intensity image into a simple sRGB image capture using a conventional sensor. Figure 1c shows the
raw intensity values for different wavelengths at the location (0, 100) um. Two of the four output
polarization channels captured at the simulated sensor are shown in Figure 1d–e.
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Figure 1. (a) Diagram of the PLM experiment. (b) Simulated fiber depth map. (c) Raw intensity value
for different wavelengths at image location (0, 100) um. (d)–(e) Output sRGB sensor image for two
different angles of the analyzer.

Several computational experiments have been performed to verify the validity of our methods.
First, we empirically saw the equivalence of both the numerical and analytical approaches for multiple
data within a reasonable range, (no, ne, θ, α) ∈ [1, 5]2 × [0, 180◦]. Then, we evaluated our models in
some particular scenarios in which the ground-truth results are theoretically known. For example,
when setting an isotropic material ne = no = 1.5, the cross-polarized channel (α = 90◦) correctly cancels
out, the two polarized channels at α = 45, 135◦ cancel 50% of light, and the uncrossed polarization
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channel (α = 0◦) transmits all the light, producing a uniform white constant image. If we now consider
an anisotropic material with no ̸= ne and with an optical axis θ = 0, 90◦, the resulting images exhibit
the same behavior as isotropic materials. This is expected since only ordinary or extraordinary waves
propagate in these orientations. Then, setting θ at different angles leads to the expected interference
colors.
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