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Introduction

Control of colour and visual effects in modern packaging 
materials is of major commercial and scientific interest 
(Tomiša & Vusić, 2019). Among the key factors influenc-
ing these visual properties are the optical characteristics 
of the materials. Some polymer films are anisotropic 
materials and have different refractive indices along the 
optical axis and the transverse direction. As a result, 
two light beams propagate through such a material 
at different speeds (Samadi-Dooki et al., 2024). When 
light passes sequentially through a polarizer, a film sam-
ple, and an analyser, the analyser recombines the two 
beams. Since these beams travel at different speeds 

within the film, they acquire optical path difference 
determined by difference in refractive indexes and film 
thickness. Therefore, the transmitted light is no longer 
a mixture of colours forming white light, but a single 
interference colour, arising from the recombination of 
two waves. This optical property of anisotropic mate-
rials is known as birefringence. Birefringence is widely 
used in photoelasticity to analyse stress distribution in 
solids. Another application is the creation of colourful 
images under polarized light. The author termed such 
images PFC (polarization-filtered coloration) images 
(Slepkov, 2022a), generated using a different number of 
polymer film layers and orientations. This concept can, 
to some extent, be adapted for packaging applications.
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ABSTRACT

Conventional colour measurement methods do not fully account for the 
optical properties of multilayer polymer systems in transmitted polarized 
light. This work presents a Mueller-calculus-based model that predicts the 
spectral radiance and perceived colour of multilayer anisotropic polymer 
film stacks viewed in polarized light, targeting design needs in packaging. 
The model accepts the light source spectrum, polarizer and analyser angles, 
film optical-axis orientations, polymer film birefringence, and the spectral 
transmittance of added colour filters. The model was implemented in Python 
using SymPy and Colour libraries. Validation experiments employed stacks 
1–3 layers at a 45-degree angle of 25±5 µm thickness BOPP films between 
parallel and crossed polarizers with a measured LED light source and X‑Rite 
i1Pro spectrophotometer, including stacks combined with three gel colour 
filters and three flexographically printed patches on BOPP; BOPP birefringence 
was retrieved as Δn 0.015 via spectral analysis and it is consistent with 
the literature. The model reproduced key spectral features and colour 
coordinates, yielding absolute spectral RMSEs of 0.34-1.01 mW/(m2·sr·nm) 
for stacks without colour filters and a mean RMSE of 0.27 mW/(m2·sr·nm) 
with colour filters. The mean colour difference ∆E76 across configurations 
with colour filters was 10.8. The model can be used for preview prototyping 
of polarized-light effects and security features in multilayer packaging 
and may provide a basis for an intelligent colour-management system.
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Further use lies in anti-counterfeiting technologies. 
By stacking polymer films with anisotropic properties 
with cutouts in one or more layers, readable barcodes 
can be designed to appear only in polarized light 
(Kondratov et al., 2023). Moreover, biobased cellu-
losic materials with birefringence enable eco-friend-
ly anti‐counterfeiting solutions (Li et al., 2024).

Polymer films are widely used for packaging in multilayer 
systems, where the industry demands both colour con-
stancy and predictability. The visual appearance of pack-
aging plays an important role in successful marketing and 
design significantly affects respondents' decision-making 
process (Febriant, Widodo & Faizin, 2023; Malešević & 
Stančić, 2021).  

Therefore, predicting the resulting colour 
effect is essential for utilizing birefringent 
polymer films in colourful packaging.

Quantitative analysis of interference colours observed 
in samples with double refraction (birefringence) 
is usually carried out using the Michel-Levy dia-
gram. This method correlates interference colours, 
observed in optical microscopy or recorded digitally, 
with the sample’s retardation, thickness, and birefrin-
gence (Linge Johnsen et al., 2018). The Michel–Lévy 
chart is generally applied when the optical axis of 
the sample is oriented at 45° to the polarizers.

The aim of this study was to develop a model for pre-
dicting the colours generated by multiple anisotropic 
polymer films with the addition of colourful layer viewed 
in polarized light, with practical applications in the pack-
aging industry. The model accounts for the following 
known conditions: the spectral characteristic of the light 
source, the rotation angles of the polarizer and analyser, 
the orientation of the polymer film’s optical axis, the film 
thickness, the induced phase shift (dependent on film 
thickness, refractive indices and light wavelength) and 
spectral transmittance of the colourful layer.  

To our knowledge, the application of Mueller cal-
culus for colour prediction in multilayer anisotro-
pic polymer systems for packaging industry under 
controlled polarization conditions is novel.

The practical use of the developed model is prototyping 
anti-counterfeiting designs in multilayer polymer labels 
in packaging. It helps to create readable barcodes that 
become visible only under polarized light, eliminating 
the need to physically test various material combinations 
and layer configurations and reduces costly trial-and-er-
ror processes. Later, the model can be integrated into 
soft-proofing and ink formulation software systems. This 
integration would enable designers to combine interfer-
ence colours generated by birefringent polymer layers 
with ink layers to achieve target colour specifications.

Model

Mueller calculus provides a mathematical formalism for 
describing the transformation of the polarization state 
of light as it interacts with various optical elements. It 
describes fully polarized, partially polarized, and unpo-
larized light, which are common in experimental and 
natural conditions. This suitability for complex systems, 
where multiple polarization effects occur simultaneously, 
provides predictive power for interpreting experimental 
measurements (Bass, 1995; del Toro Iniesta, 2003).

In this formalism, the polarization of an electromag-
netic wave is represented by the four-component 
Stokes vector, which captures both the intensity 
and polarization characteristics of the beam. In this 
study, the unpolarized beam radiating from the light 
source was described by a series of special-case 
Stokes vectors S λ for each wavelength λ (1).

where, Iλ is intensity of the light at a given wavelength.

The optical element is described by a 4x4 real-valued 
Mueller matrix that operates linearly on the Stokes 
vector, thereby enabling a unified treatment of a wide 
range of optical effects, including birefringence. There 
are Mueller matrixes for linear polarizers MP (ϕ) (2), a 
general linear retarder MR (δ, θ) (3), a simple non-polar-
izing colour filter MF (λ) (4) for a given wavelength λ and 
neutral density filter. Colour filters were described by an 
identity matrix scaled by the filter's transmittance and 
neutral density filter is based on a simple non-polarizing 
colour filter but have same value T for all wavelengths λ.

where, ϕ is the angle of the transmission 
axis relative to the horizontal plane.

⟶

(1)

(2)

(3)



where, δ is the phase difference between the fast and 
slow axes of the transmitted light and θ is the angle 
of the fast axis relative to the horizontal plane.

where, I4 is a 4x4 identity matrix, λ is wave-
length, T (λ) is transmittance for wavelength λ.

The resulting Stokes vector, S O (5), is then cal-
culated via matrix multiplication.

where, S λ  is Stokes vector for unpolarized light, M N
. . . 

M 2M 1  is optical element M 1 followed by M 2 and till M N.

This model was implemented in a program writ-
ten in Python. The main libraries that were used in 
implementation: Sympy (Meurer et al., 2017) and 
Colour (Mansencal et al., 2024). Code for this proj-
ect can be found on the GitHub repository (https://
github.com/slavaver/birefringence-model).

Materials and equipment

A series of optical experiments was conducted to val-
idate the predictions of the developed model. Poly-
mer film samples, polarizers, colour filters, a LED-light 
source with a diffuser and a spectrophotometer were 
employed. The experimental setup is shown in figure 1.

»» Figure 1: A diagram of the experimental setup used for
taking spectral measurements, a – light source, b – dif-
fusor, c – polarizer, d – stack of BOPP polymer films (1-3 
layers), e – spectrophotometer

All data were obtained with the spectrophotometer X-Rite 
i1Pro rev. D with spectral readings from 380 nm to 730 
nm in 10 nm steps using ArgyllCMS utility “spotread” in 
emissive measurement mode (absolute results) result-
ing in spectral radiance in mW/(m2·sr·nm) data. Results 
represent single measurements only. The manufacturer's 
specification states short-term repeatability: x, y ±0.002 
typ. (5000 K, 80 cd/m2). All measurements were conduct-
ed in a darkened room to eliminate ambient light interfer-
ence. Spectrophotometer self-calibration was performed 
before measurements using the built-in white reference.  

The X-Rite i1Pro was calibrated against the instru-
ment's white reference standard (99% diffuse reflec-
tance) in absolute radiance measurement mode. 
In one of the works authors used a similar spectro-
photometer and have stated that relative standard 
deviations (RSD) of measurement vary from 0.1% to 
1% (Apyari et al., 2011). In this case maximum rel-
ative expanded uncertainty for approximate 95% 
reference interval (RI) U(95%RI) = 2 × RSD = 2%.

The first component of the experimental setup is a 
LED-light source and a diffuser. Their measured spec-
tral radiance (mW/(m2·sr·nm)) is shown in figure 2.

»» Figure 2: Measured spectral radiance in mW/(m2·
sr·nm) of LED-lights emission after diffusor using 
spectrophotometer X-Rite i1Pro

The linear polarizer from TAC and PVA declared 
characteristics are transmittance 0.41 when sin-
gle and 0.05 when crossed (Fig. 3). Polarizing effi-
ciency is 99.99%, wavelength range - 380~800nm, 
thickness - 0.25mm. To account for the difference 
between an ideal polarizer (transmittance 0.50) 
and the real polarizer used (transmittance 0.41), 
an additional coefficient of 0.82 was applied.

»» Figure 3: Spectral transmittance of one polariser and 
two polarisers with parallel and crossed transmission
axes to compare declared and real transmittance

Biaxially oriented isotactic polypropylene (BOPP) films 
with a thickness of 25±5 µm were used in experiments. 

The mean spectral transmittance of 1 layer of BOPP film 
is 0.99. The birefringence of the BOPP film was obtained 
with spectral content analysis (SCA) method measur-
ing spectral transmittance with crossed and parallel 

(4)

(5)

⟶

⟶
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polarizers, but a costly polarimetric gate was replaced 
with the experimental setup using an X-Rite i1Pro (Slep-
kov, 2022b; Ajovalasit, Barone & Petrucci, 1998).

The retardance Γ produced by the birefringent sample 
depends on the distance d travelled by the light of wave-
length λ in the sample (6).  

From the literature it is known that under certain wave-
length material can behave like a half-wave plate and this 
leads to the biggest difference in transmittance between 
parallel and crossed polarizers. One and two layers of 
BOPP films were used and two layers showed more 
visible difference in transmittance (Fig. 4) and based on 
the characteristics of film retardance is equal to 0.015.

where, Γ – retardance, Δn – birefringence, 
d – material thickness, λ – wavelength.

»» Figure 4: Spectral transmittance of two layers of BOPP 
films 25 µm between polarizers in parallel and crossed 
configurations. Polymer films oriented with their optical
axis at 45° to the transmission axis of the input polar-
izer. Vertical dashed line at 500 nm marks where stack
acts as half-wave plate

Calculated birefringence matches with values in “Guide-
line for Using Light Microscopy in Forensic Examina-
tions of Tape Components Scientific Working Group 
for Materials Analysis” in the range of 0.014 - 0.016 
and value in Table I of the article (Slepkov, 2022b).

Three gel colour filters red, green and blue were used in 
the experiment. Their spectral transmittance shown in 
figure 4.  

These filters don’t exhibit anisotropic properties as they 
don’t show colour change in different angle between 
two polarisers. The other three filters are an ink layer on 
BOPP films of yellow, cyan and magenta colours printed 
by flexographic method (Fig. 5).  

In the model they account as two optical ele-
ments one film layer and one colour filter.

»» Figure 5: Spectral transmittance of gel colour filters
(red, green, blue) and yellow, cyan, magenta colour
patches on BOPP films 25 µm used in experiment

Results

On this step the developed model was validated using 
stacks of BOPP films (25 µm thickness) 1-3 layers without 
additional colour layers in crossed and parallel polarizers. 
Stacks of BOPP films were oriented with their optical axis 
at 45° to the transmission axis of the input polarizer.  

A comparison of the modelled and experimental 
spectral radiance is shown in Figure 6 and absolute 
root mean square errors (RMSE) values for the spec-
tral radiance ranges from 0.34 to 1.01 for different 
layer configurations and polarizer orientations (Table 
1). Maximum relative error is approximately 10%.

Table 1 
Comparison of absolute RMSE in mW/(m2·sr·nm) between 
experimental and calculated spectral radiance for stacks of BOPP 
films with number of layers from 1 to 3 in parallel and crossed 
polarizers. Stacks of BOPP films were oriented with their optical 
axis at 45° to the transmission axis of the input polarizer

The chromaticity diagram (Figure 7) illustrates the colour 
coordinates of samples with a varying number of BOPP 
layers under crossed and parallel polarizer configura-
tions.  

The experimental data points (circles) and model predic-
tions (triangles) show reasonable correlation, particularly 
for single and double-layer configurations.  

Colour difference ∆E76 in the CIELab colour space 
revealed values ranging from 3.2 to 22.5 between 
experimental and calculated data (Table 2).

(6)

Layers Polarizers RMSE

1

Parallel

0.34

2 0.57

3 1.01

1

Crossed

0.50

2 0.66

3 0.95



»» Figure 6: Spectral radiance comparison between exper-
imental and calculated with the developed model for
stacks of BOPP films with number of layers from 1 to
3 (25 µm per layer) under parallel and crossed linear 
polarizer configuration. Stacks of BOPP films were ori-
ented with their optical axis at 45° to the transmission 
axis of the input polarizer

»» Figure 7: Chromaticity diagram with colours for 1-3 
layer BOPP stacks (25 µm per layer) under parallel and 
crossed linear polarizer configuration. Stacks of BOPP 
films were oriented with their optical axis at 45° to the 
transmission axis of the input polarizer. Number on
diagram specifies number of layers of BOPP, letter a is 
for parallel polarizers and b for crossed. Circles are for
experimental data and triangles – calculated data

The model showed agreement with experimental obser-
vations in reproducing the spectral features and overall 
radiance patterns. The lowest deviations were observed 
for single-layer samples, while increasing complexity 
with additional layers resulted in higher error values.

The model was also validated using stacks that included 
colour layers in crossed and parallel polarizers and stacks 
were placed at a 45° angle. Six different colour filters: 
yellow, cyan, magenta, red, green, and blue were tested 
in combination with 1-3 layers of BOPP films. Examples 
of two cases with green and cyan colour filters shown 
in Figure 8. They demonstrate the model's capability to 
predict the spectral shape and magnitude. The calculat-
ed data follow the experimental curves, capturing the 
characteristic features of the interference patterns.

»» Figure 8: Spectral radiance comparison between exper-
imental and calculated with the developed model for
stacks of BOPP films with number of layers from 1 to
3 (25 µm per layer) under parallel and crossed linear 
polarizer configuration and green colour filter on the 
left and cyan filter on the right. Stacks of BOPP films 
were oriented with their optical axis at 45° to the trans-
mission axis of the input polarizer



Table 2 
Comparison of CIELab coordinates for resulting colours for 
1-3 layer BOPP stacks (25 µm per layer) under parallel and 
crossed linear polarizer configuration. Stacks of BOPP films 
were oriented with their optical axis at 45° to the transmission 
axis of the input polarizer and colour difference ΔE76 between 
experimental and calculated data

Table 3 
Comparison of absolute RMSE in mW/(m2·sr·nm) between 
experimental and calculated spectral radiance for stacks of BOPP 
films with number of layers from 1 to 3 in parallel and crossed 
polarizers and yellow, cyan, magenta, red, green and blue colour 
filters. Stacks of BOPP films were oriented with their optical axis 
at 45° to the transmission axis of the input polarizer

Table 4 
Comparison of colour difference ΔE76 for resulting colours for 1-3 
layer BOPP stacks (25 µm per layer) under parallel and crossed 
linear polarizer configuration and 6 colour filters. Stacks of 
BOPP films were oriented with their optical axis at 45° to the 
transmission axis of the input polarizer. Mean values for each 
filter and layer combination are presented

The mean absolute RMSE across all configura-
tions was 0.27. Table 3 shows the absolute RMSE 
values for each colour filter and layer combina-
tion. The relative error is approximately 10%.

The colour prediction accuracy was evaluated using ΔE76 
values in the CIELab colour space.  

The overall mean colour difference across all tested con-
figurations was 10.8 (Table 4).  

Single-layer samples with crossed polarizers achieved 
the best performance (mean ΔE76 = 3.8), approaching the 
threshold for acceptable colour matching in many indus-
trial applications.  

The performance of the model can be contextual-
ized using standard ΔE76 thresholds from colorimetry 
literature ΔE76 2-4 is noticeable to most observers; 
and ΔE76 > 4 represents clear colour differences.

Layers Polarizers
Experimental Calculated

ΔE76
L a b L a b

1

Parallel

48.9 -14.0 -24.1 50.3 -11.5 -27.5 4.5

2 54.8 37.7 33.4 48.7 49.2 17.4 20.7

3 73.0 -29.7 70.0 78.3 -23.1 90.8 22.5

1

Crossed

77.4 2.7 49.7 74.7 4.3 50.5 3.2

2 71.3 -36.3 10.4 75.1 -33.9 10.3 4.5

3 42.1 40.5 -38.7 40.2 47.4 -56.3 19.0

Layers Polarizers
RMSE

Yellow Cyan Magenta Red Green Blue Mean

1

Parallel

0.28 0.37 0.23 0.02 0.11 0.10 0.19

2 0.52 0.38 0.45 0.15 0.12 0.05 0.28

3 0.67 0.30 0.39 0.30 0.22 0.06 0.32

1

Crossed

0.35 0.25 0.34 0.10 0.09 0.06 0.20

2 0.44 0.57 0.15 0.17 0.20 0.13 0.28

3 0.58 0.67 0.41 0.17 0.07 0.33 0.37

Mean 0.47 0.42 0.33 0.15 0.13 0.12 0.27

Layers Polarizers
ΔE76

Yellow Cyan Magenta Red Green Blue Mean

1

Parallel

3.0 12.2 7.3 0.8 6.5 9.3 6.5

2 16.5 9.6 12.4 3.8 20.7 6.5 11.6

3 19.1 17.1 24.1 9.1 9.4 23.5 17.0

1

Crossed

2.2 6.9 4.8 0.5 3.8 4.9 3.8

2 4.0 13.2 2.9 6.8 7.0 9.4 7.2

3 20.0 35.8 18.3 3.1 8.8 24.0 18.3

Mean 10.8 15.8 11.6 4.0 9.4 12.9 10.8



Discussion

The experimentally determined birefringence Δn of 
0.015 for the BOPP films aligns well with published 
literature values. This result confirms the reliability of 
the measurement method, which utilizes a spectropho-
tometer commonly employed in the printing industry.

The model using Mueller calculus demonstrates pre-
dictive capability. With a mean absolute RMSE of 
0.27 and mean colour difference ΔE76 of 10.8, the 
model's performance is sufficient for preview appli-
cations in packaging design. However, for critical col-
our matching applications requiring ΔE76 lower than 
4, further optimization of the model is necessary.

A trend of decreasing accuracy was observed as the num-
ber of film layers increased. This can likely be attributed 
to the cumulative optical effects and increased complexi-
ty of interference patterns within multilayer systems. Sin-
gle-layer samples under crossed polarizers showed the 
best ΔE76 of 3.8, while three-layer samples under parallel 
polarizers exhibited the largest difference ΔE76 of 18.3.

The model uses film thickness (d) as an explicit param-
eter in the phase retardance calculation (Equation 6). 
This allows accommodation of manufacturing thickness 
variations. However, the current measurement aperture 
of the used spectrophotometer is 4.5 mm and model 
validation reflects the averaged optical properties on 
plane. Direct comparison between model predictions and 
real BOPP films with spatially varying thickness requires 
an understanding of the rate of thickness change.

Future work should address several areas for model 
improvement. These include:  
(1) investigating the effects of non-normal light incidence;
(2) integrating the ink spectral collection system pro-
posed by (Zhang et al., 2024); and (3) exploring neural
network approaches to account for potential non-lin-
ear optical effects and improve predictive accuracy.

Conclusion

In this study, a Mueller calculus-based model was devel-
oped and validated for predicting the colour of multilayer 
BOPP systems. The model can predict spectral radiance 
and resultant colour for multilayer BOPP stacks under 
polarized light conditions with accuracy of an absolute 
mean RMSE of 0.27 mW/(m2·sr·nm) for spectral composi-
tion predictions and colour differences with mean ΔE76 of 
10.8 across six chromatic filters.  

While the theoretical framework is material-ag-
nostic, all experimental validation and colour 
accuracy benchmarking reported herein are spe-
cific to BOPP films with 25 µm thickness.

This study demonstrates that birefringence in BOPP 
films can be determined using a standard spectro-
photometer, thereby avoiding the need for a more 
costly polarimetric gate. The experimentally derived 
BOPP birefringence Δn of 0.015 is consistent with 
literature values for transparent films, indicating 
that the retrieval pipeline is physically grounded for 
anisotropic polymer films used for packaging.

The proposed model provides a practical basis for an 
intelligent colour-management system. Such a system 
would enable virtual prototyping of multilayer stacks 
under various conditions, reducing trial-and-error in 
product design and facilitating the development of 
security features visible only under polarized light.

While the current model shows promising results 
for BOPP films, future work should explore its 
applicability to other common packaging materi-
als, such as PET and PE, and investigate the influ-
ence of different polymer orientation states.
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