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In this work, a reflectance polarimetry imaging system based on liquid crystal polarization rotator
is proposed for the assessment of ripening process of mangoes. A low-cost voltage-controlled lig-
uid crystal polarization rotator and a wire-grid polarizer were integrated into input ray path of
a digital camera, enabling selective acquisition of horizontally or vertically polarized (0° and 90°)
input images. Unripe Chokanan mango samples were subjected to the illumination of linearly po-
larized LED light at different wavelength. Digital images at two polarization states were recorded
daily until the mangoes were fully ripened on the eighth day. Average reflectance intensity and De-
gree of Linear Polarization (DoLP) and the findings indicate the dynamic correlation between the
varying reflectance intensity, illumination wavelength and the associated dominant pigments (e.g.
carotenoids, anthocyanins and chlorophylls) in the fruit epidermis during the ripening process. In
addition, the DoLP at different wavelengths have shown different variation characteristics with rip-
ening. Notably, DoLPs at 593 and 660 nm decrease with ripening, due to decreasing moisture con-
tent in the fruit epidermis that promises light scattering and depolarization in the epidermis tissues.
The study demonstrates the potential of reflectance polarimetry as a non-invasive method for as-
sessing the ripeness and storage condition of fruits.
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1. Introduction

The quality and shelf-life of fruits are critical factors in the agricultural industry, impact-
ing both economic viability and consumer satisfaction [1]. Traditional methods for as-
sessing fruit ripeness often involve destructive testing or subjective visual inspection,
which can be inefficient and inconsistent [2]. There is a growing need for non-invasive,
objective, and real-time techniques to monitor fruit quality during storage.
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Polarimetry, the study of the polarization of light, offers a promising avenue for
such non-invasive assessments. The interaction of light with biological tissues, such
as fruits, is a complex process encompassing absorption, scattering, and reflection, all
of which modify the polarization state of the light captured by a camera. These changes
are sensitive to the physicochemical transformations occurring within the fruit during
ripening, such as changes in pigment concentration, cellular structure, and water con-
tent. Reflectance polarimetry, specifically, measures the polarization state of light re-
flected from a surface, providing insights into the optical properties and underlying
physiological changes of the material.

Prior research on the polarimetric properties of fruit tissue has focused on pears
using a 632.8 nm laser [3] and apples illuminated by red (650 nm) and white light
sources [4]. Using near-infrared (NIR) spectroscopy and aquaphotomics, the paper [5]
investigates how linearly polarized and unpolarized light interact with kiwifruit.
The study found that polarized light activates more free water states while unpolarized
light activates more bound water states, with these differences likely occurring near
the fruit’s surface. The fruit’s soluble solids content was not a significant factor in these
findings. Reference [6] reported an automated imaging bidirectional reflectance dis-
tribution function polarimeter successfully demonstrated that cross-polarization effec-
tively removes glare from apples across various cultivars and angles, significantly
improving machine vision for fruit quality inspection.

This paper introduces a novel reflectance polarimetry system for mango storage,
distinguished by several key innovations: it uniquely expands the observable range to
five distinct wavelengths through the integration of a cost-effective, voltage-controlled
liquid crystal polarization rotator, thereby eliminating the need for mechanical parts.
The research uses this advanced, non-mechanical system to investigate mangoes (cho-
sen for their economic importance) by analysing how the degree of linear polarization
(DoLP) and intensity of reflected light, including the interaction of several different
wavelengths with various pigments during the ripening process. Further novel contri-
butions include the proposal of a new mathematical model relating DoLP, moisture
content, and the transport mean free path. By quantifying these optical parameters over
an eight-day storage period, we aim to establish the feasibility of polarimetric imaging
as a tool for non-invasively monitoring fruit ripeness and quality, offering a potential
alternative to conventional assessment methods.

2. Methods

2.1. Experimental setup

In the experiment, LEDs with central wavelengths of 450, 495, 532, 593, and 660 nm
were used as the illumination sources. These specific wavelengths were chosen be-
cause they correspond to the absorption spectra of known pigments found in mangoes.
First, this light was conditioned by using several layers of optical diffuser plates, fol-
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Fig. 1. Illustration of (a) the experimental setup and (b) the liquid crystal polarization rotator imaging sys-
tem (left: no voltage applied; right: voltage applied). £ denotes the electric field of the light, with subscripts
Hand V indicating horizontal and vertical components, respectively. Superscripts 'and * denote the trans-
mitted electric field after the liquid crystal polarization rotator and the wire grid polarizer, respectively.

lowed by a linear polarizer to produce homogenous linearly polarized light. To elim-
inate the influence of polarization dependent Fresnel reflection, the light source was
positioned adjacent to the imaging camera, thereby minimizing the angle between the
light source and the image sensor.

The imaging system comprises a CMOS camera (Hikrobot MV-CU013-A0GC) and
a wire grid polarizer positioned directly in front of its image sensor. A low-cost, volt-
age-controlled liquid crystal polarization rotator (see Fig. 1(a)), made from nematic
liquid crystal enclosed within an indium tin oxide (ITO) cell, was integrated into the
optical path just before the wire grid polarizer. In the ideal condition (zero applied volt-
age), the liquid crystal polarization rotator rotates the input polarization plane by 90°.
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Specifically, horizontally polarized light is rotated to become vertically polarized, and
vertically polarized light is rotated to become horizontally polarized, both with negli-
gible intensity loss. When a voltage of 5 V is applied, the liquid crystal molecules align
with the electric field, allowing horizontally polarized light to pass through unchanged.
This mechanism enables electronic control over the polarization state—either horizon-
tally or vertically polarized images—by adjusting the applied voltage, while the trans-
mission axis of the wire grid polarizer remains fixed (see Fig. 1(b)).The camera
settings were fixated and standardized throughout the experiment to ensure consisten-
cy. All automatic features were disabled. The exposure time was set to 300 ms, gain
to 0, and red, green, and blue balance ratios were all set to 1024 (corresponding to a
ratio of 1.0 [7]).

2.2. Sample preparation and data acquisition

The camera was focused on two unripe Chokanan mango samples room temperature
(24 °C) and 60% relative humidity subjected to uniform linear polarized light illu-
mination. For each sample and at each specified wavelength, 8-bit images were re-
corded at 0° and 90° polarization with respect to the linear polarized light source as
shown in Fig. 2.

Fig. 2. Images of samples 1 and 2 (a) 0° polarization and (b) 90° polarization at different wavelengths
(from left: 450, 495, 532, 593, and 660 nm) on day 1. Image de-mosaicing was performed solely for visual
representation and was not applied to the data used for analysis.

Raw image data (prior to de-mosaicing) was processed to extract red, green, and
blue pixel values corresponding to specific wavelengths: red pixels for 660 nm, green
pixels for 495, 532, and 593 nm, and blue pixels for 450 nm. Particularly, the data for
660 nm are the most significant in terms of intensity changes as shown in Fig. 3. Both
captured /;, and /,, images are brighter on day 8 as compared to day 4.

For quantitative analysis, a square region of interest (ROI) was selected for each man-
go. ROI sizes of 240 %240 pixels or 150 x 150 pixels were chosen based on suitability
for each sample (see Fig. 3(c)). Within the ROI, the average intensity and DoLP across
the entire ROI were calculated for all wavelengths. Pixels with saturation values (pixel
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Fig. 3. Images of samples 1 and 2 at wavelength 660 nm (left: day 4 and right: day 8) (a) 0° polarization
and (b) 90° polarization. Image de-mosaicing was performed solely for visual representation and was not
applied to the data used for analysis. (c) The selected region of interests (ROI) in the images.

Fig. 4. Images of samples 1 and 2 under white light (left: day 1, center: day 4, and right: day 8).

value of 1 (normalized)) or minimum values (pixel value of 0) were excluded from
calculations, as they do not provide useful information. Valid pixels value means that
pixel value between 0 to 1 (but not include 0 and 1).

Average intensity is calculated using:

’ 1 ’
[i = 721pix,i (1)

where / is average intensity (valid pixels only), subscript i donate the state of polari-

zation 0° and 90°, subscript “pix” donates each valid pixel and # is number of valid

pixels in ROI. The superscripts prim indicate the reflected light back into the camera.
Mathematically, average DoLP is given by [8]

S 1y -1
DoLP = —L = M 2
SH 1)+ 1,

where s, = Iy + 1y, s; = Iy— 1, are Stokes parameters, [, and I;, is average in-
tensity (valid pixel value) in ROI of 0° and 90° polarization light intensity with re-
spected to the linear polarized light source.

This procedure was systematically repeated daily for a period of eight days, con-
tinuing until the mango samples reached a ripe state. The rate of change (gradient) and
coefficients of determination (R?) of the average intensity and DoLP are calculated and
discussed.
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2.3. Empirical model for DoLP

DoLP is strongly influenced by the microstructure of epidermal tissues, as well as by the
absorption of the pigments they contain. Additionally, the moisture content within the
epidermis plays a significant role in affecting light scattering properties. Based on these
factors, an empirical mathematical model for DoLP is proposed:

DoLP = yexp(—2al) 3)

where y describes to the moisture factor’s effect on DoLP, a is a factor causing depolar-
ization within the sample, and / is the transport mean free path, accounting for scattering,
absorption, and reflection from the sample back to the camera. The factor 2 corresponds
to both light’s travel path into and out of the fruit surface.

Mathematically, transport mean free path can be described by [9]

= —L )

Mot Uy

where y, is the absorption coefficient and y is the transport scattering coefficient of
the tissues. It is intriguing to note that both z, and , are wavelength dependant variable
associated with the pigments in the epidermal tissues.

2.4. Muller matrix and Lu—Chipman decomposition

In this section, we introduce the perspective of Muller matrix and Lu—Chipman de-
composition.

2.4.1. Simplify of Lu—Chipman decomposition

The relation of input light S, reflected S, Stokes vector and Mueller matrix, M is
given by
Sout = MSin (5)
- - _ I
S50 Moo Mor Moy Moz | | S
’
Sp| _ My My My Mz || (6)
’
) Myy My Moy Myz| 1S
’
153 | T30 M3 M3y M3z |83

Using Lu—Chipman decomposition [10]

M = M, Mg M, (7)
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Diattenuator matrix is given by

1 Dy Dys D¢
D%{ Dy Dys Dy D¢
DH kD+(1_kD)-B2— (l_kD)—z)—Z-— (1_kD) D2
Mp = mg D,sD D; DysD
45 “H 45 45c
D45 (1ka)T kD-l-(lka) 02 (1*kD)T
D¢ Dy DcDys D%:
_DC (1 —kD) D2 (1 — kD)T kD + (l —kD)F_
®)
) Moy Dy
where D = —— 1, | = D, |, D = ID| and kj, = J1-D?%.
Moo
M3 Dc
Retarder matrix is given by
T
My = |10 ©)
0 my
where my is 3 x3 submatrix as defined in reference [10].
Depolarizer matrix represents a pure depolarizer, given by:
1 0 0 O
My = mg|® @ 00 (10)
0 0 b O
0 0 0 ¢

where a, b and c are depolarization parameters for s, s, and s5.

In the present study, only one linearly polarized input light source is used and two
orthogonal states in the reflection were recorded and assessed. Hence, the diattenu-
ation (9) and depolarizer (11) in the form of 4 x4 matrices can be reduced down to 2 x 2.
It is reasonable to assume that the fruit’s epidermal tissues are amorphous. This can
be attributed to the cuticles, which are the primary component of the exocarp, a hy-
drophobic layer primarily composed of cutin and hydrophobic intracuticular waxes
that are amorphous [11-13]. Cutin does not preferentially absorb light at any polari-
zation state of light. Thus, Dy = D5 = D, = 0. The diattenuation matrix becomes
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1 D
My = my, H (11)
Dy 1
where Dy = | D).
Depolarizer matrix become
M= |10 (12)
0 a

It is safe to assume that the epidermal tissues of the fruit are non-structural and
isotropic, it has zero-retardance and the retarder matrix can be expressed as an identity
matrix

My =1 (13)
In the present study, Lu—Chipman decomposition (7) can be rewritten as

M = M,IM, (14)

1 1 D 1 D
M = mg, 0 H = m H (15)
0 a||Dyg 1 aDy a
2.4.2. Intensity change over days

In the simplified case for single input linearly polarized light, Eq. (6) can be presented
in the form of 2 X2 matrix

2 mlen, L
S aDy a ||s

s = my(sg+ s, Dy) 17)
s1 = my(aDysy+as)) (18)
The relationship between s, s; input light intensities is given by
so = moo(Ly + Log) + moo(Ly + Igy) Dy
= myy(1 + D)1y + myy(1 — D)Ly, (19)

Assuming there is only one input linearly polarized light source, 0° polarization
light 1, and /4,=0. Equation (19) can be further reduced to
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s = moo(1+ Dyl (20)
Iy + 1oy = moo(1+ Dy)ly = (mgy+mgy) 1 (21)

2.4.3. Depolarization

To continue the effort of simplification, there is an interesting relationship between the
depolarization parameter, a and DoLP. For to determine the depolarization param-
eters a, we start with (18) express s, 5, in intensity, as explained in Section 2.4.2, [5,=0.
From (18) and (20), (2) can be deduced to

DolP = —L = 2707 _ 22)
S

2.5. Spectroscopic analysis

An optical spectrometer was employed to record the diffuse reflectance spectra over
the visible region (400 to 700 nm) of the mango samples 1 on day 1 and day 8. Spec-
troscopic data were subsequently analysed and discussed. Specifically, the spectral dif-
ference (change of absorption spectrum) between day 1 and day 8 was calculated and
examined (Fig. 5).

1 1
0.9 -IQ-‘ Day 1 Day 8 Change
—_ X, 0.8 c
= 08 -4_@"%\—-_\; o
© 0.7 A N 0.6 o
~— 06 | 6
s toa 9
= 05 1 2 -
204 - : o2 <3
2 03 hamAmaa et W 4o [SpL
2 L )
<92 02 2
0.1 - ©
0 - Loa §
400 450 500 550 600 650 700

Wavelength (nm)

Fig. 5. Absorption spectra of a mango sample 1 for day 1 and 8 and its change in absorption (Abs8 — Abs1).

3. Results and discussion
3.1. Changes in intensity during the storage period

The average intensity values across the region of interest (ROI) were analyzed as a func-
tion of storage time. In general, the average intensities for wavelengths of 450, 495,
and 532 nm showed a decreasing trend as ripening progressed (see Fig. 6(c)). The de-
crease observed at 450 and 495 nm is primarily attributed to an increase in carotenoid
concentration, as these pigments exhibit peak absorption wavelengths in this spectral
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Fig. 6. Normalized intensity of polarization 0° state /; (a), 90° state Ig, (b) and sum of both state
(1 + Igy) (c), over days and its linear fitting for each wavelength for mango sample 1 (i) and 2 (ii).

range [ 14]. For Mango sample 1, the intensity at these wavelengths became more con-
sistent around day 5, suggesting that the carotenoid content reached a constant state.
Conversely, the average intensities at 593 and 660 nm increased during the ripening
process (see Fig. 6(c)). The increment in intensity at 660 nm can be attributed to the
decrease in chlorophyll-a, which has an absorption peak near 660 nm [14,15]. It is
commonly known that chlorophyll-a is typically more abundant than chlorophyll-b in
mangoes, with a ratio of approximately 3:1 [16]. The breakdown of chlorophyll un-
masks other pigments, such as carotenoids and anthocyanins. The slight decrease in
average intensity at 532 nm is related to the accumulation of anthocyanins in the epi-
dermal tissues, that have an absorption that covers the range of 510—-570 nm [17]. Fig-
ures 5 and 7(a) suggest that the color shift from green to yellow during ripening (Fig. 4)
is a result of chlorophyll degradation. This degradation increases the reflectance of
light at 660 nm. The combination of this heightened reflection with the initial green
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Fig. 7. (a) Bar chart of gradients and coefficients, and (b) determination R for intensity of polarization 0°,
90° and sum change over 8 days for different wavelengths (nm) for samples 1 and 2, obtained via least
squares regression.

color of the fruit creates the characteristic yellow color, a phenomenon known as ad-
ditive color mixing.

Although the intensities for 90° polarization at 593 and 660 nm were less than that
for 0° polarization, the rate of change (gradient) was greater for the 90° polarization
(Fig. 7(a)). This suggests that 0° polarization is predominantly influenced by specular
reflection, whereas 90° polarization light have greater interactions with the pigments
in the epidermis before reflection. This phenomenon can also be observed in Fig. 5(a)
and (b), which show a relatively low ratio of 7, to I, at shorter wavelengths (450
and 495 nm) compared to longer wavelengths (532, 593, and 660 nm). For example,
in day 1, sample 1, the Ig,/1 ratios are 0.33 and 0.37 for 450 nm and 495 nm, respec-
tively, in contrast to 0.54, 0.624, and 0.504 for 532 nm, 593 nm, and 660 nm, respec-
tively.

The overall trend in spectrum difference between day 1 and day 8 reveals that ab-
sorption increased in the range of 450 to 580 nm (positive change in Fig. 5), correspond-
ing to the observed decrease in average intensity for 450, 495, and 532 nm. Conversely,
the absorption decreased in the range of 580 to 690 nm (negative change in Fig. 5),
aligning with the increase in average intensity for 593 and 660 nm. This also explains
the significantly lower gradient magnitudes (insignificant changes) for 450, 495, and
532 nm intensities compared to 660 nm intensity over time. For instance, the gradient
difference between 495 and 660 nm was 86% for sample 1 and 95% for sample 2
(Fig. 7(a)).

From Eq. (21), we conclude that I + I, is proportional to /,, with a proportion-
ality factor of (mg, + mg, ). This relationship is evident in Fig. 6(c), where /, remains
constant daily while the reflected intensity (/(, + /,) varies monotonically every day.
mgo + my, are found to be increasing for 593 and 660 nm and decreasing for 450, 495,
and 532 nm over several days for both samples, as explained previously.
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3.2. Degree of linear polarization (DoLP) analysis
3.2.1. Changes in DoLP during the storage period

Figure 8 presents the variation of DoLP for different wavelength during the storage
period. The average DoLP at 593 and 660 nm generally decrease as the mangoes rip-
ened. This is consistent with the results reported in [3]. This can be observed from the
rapid increasing /o (higher gradient) that approaches the /, for 593 and 660 nm in the
ensuing days (Fig. 6(a,b) and 8(a)). This leads to a smaller numerator |/, — /o] in relative
to the denominator |/, + Iy,| and produces a lower DoLP. The decrease in DoLP for
these wavelengths, coupled with their greater penetration depth (higher reflection, low-
er absorption, and greater change in absorption as indicated by spectral data), suggests
the increased transport mean free path.

It is commonly known that harvested fruits lose water to the ambient over time,
Ref. [18] show that Chokanan mango experienced a 2.3% weight loss after two days
of storage, reaching the highest rate of 6.98% on the 8th day of ripening. The observed
depolarization believed to be related to the decrease in water content over time. When
the moisture content in the epidermis tissues is high, the propagation of light in the
epidermis experiences less scattering, hence retaining most of its original polarization
state or undergoing less depolarization from the multiple scattering events in the tis-
sues. This leads to a higher DoLP and vice versa. Another contributing factor to var-
iation of DoLP is the penetration depth, which is inversely related to absorption: higher
absorption leads to lower penetration depth, less depolarization, and thus higher DoLP.
Conversely, lower absorption leads to greater penetration depth, more depolarization,
and lower DoLP.

For 450 and 495 nm, which exhibit high absorption and consequently poor pene-
tration depth and limited light-tissue interaction, no significant observation or corre-
lation could be established from the DoLP data as indicate on it relatively lower
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Fig. 8. Degree of linear polarization (DoLP) for mango sample 1 and 2 against storage days for each wave-
lengths (nm).
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wavelength (nm) for samples 1 and 2.

gradient and R? as shown in Fig. 9. This is compounded by the complex pigment chang-
es at 450 nm, involving both decreasing chlorophyll-b and potentially varying rates of
carotenoid increase. For 450 and 495 nm, which exhibit high absorption and consequent-
ly poor penetration depth and limited light-tissue interaction, no significant observation
or correlation could be established from the DoLP data as indicate on it relatively lower
gradient and R? as shown in Fig. 9. This is compounded by the complex pigment chang-
es at 450 nm, involving both decreasing chlorophyll-b, varying rates of carotenoid in-
crease and loss of water content. This explains the discrepancy in the trends at 450 and
495 nm between sample 1 and sample 2.

The discrepancy in the trends at 532 nm between sample 1 and sample 2 may indicate
different rate of change in anthocyanins level between the two samples, as evidenced by
a 57% difference in the intensity gradient at 532 nm between sample 1 and sample 2
(see Fig. 7, the I, + I, bars at 532 nm).

In general, the DoLP decreased as wavelength increased (from 450 to 593 nm). This
is believed to be due to decreasing absorption with increasing wavelength. As absorp-
tion decreases, penetration depth increases, leading to more interactions with mole-
cules and thus greater depolarization before reflection, resulting in a lower DoLP.

The 660 nm wavelength is optimal for assessing mango ripeness due to the signif-
icant changes it exhibits in both average intensity and degree of linear polarization
(DoLP). This phenomenon is a direct result of chlorophyll degradation during the
ripening process, which alters light absorption and polarization properties at this
wavelength. The use of white light, however, is not ideal because it lacks specificity
for a particular pigment.

While conventional colour imaging methods are highly sensitive to light source in-
tensity and the camera’s quantum efficiency (QE), polarimetry methods using the de-
gree of linear polarization (DoLP) are significantly less susceptible to these variations.
This robustness stems from the DoLP calculation, which involves subtracting two or-
thogonal polarization states and then normalizing by the total intensity. Ideally, this
normalization makes DoLP measurements independent of both the light source inten-
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sity and the camera’s QE, provided that the signal remains within the sensor’s dynamic
range (i.e., above the noise floor and below saturation).

3.2.2. Proposed empirical model for DoLP

As detailed in Section 3.2.1, the loss of moisture content (represented by y in Eq. (4))
within the fruit epidermis contributes to the decrease in DoLP during storage. It is rea-
sonable to assume that this effect applies across all wavelengths examined in this study.

From the absorption and DoLP histogram for day 1, mango sample 1 (Fig. 10), it
is evident that wavelengths with higher absorption generally exhibit greater DoLP. This
observation aligns with Eq. (5), since the tissue structure remains consistent if we as-
sume the scattering coefficient x, and moisture parameter y are constant for the same
day. An increase in absorption coefficient u, results in a shorter interaction length /
within the tissue, which leads to a larger exponential term exp(—2a/) and consequently
a higher DoLP.

This also explains why the changes in DoLP at shorter wavelengths (450, 495, and
532 nm) (Fig. 9(a)) were less pronounced than those at longer wavelengths (593 and

660 nm) over the storage period.
660

Fig. 10. Absorption and degree of linear polarization (DoLP) for mango sample 1 on day 1.
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3.3. Theoretical resolution limit

For an 8-bit image, with 28 = 256 possible pixel values, the theoretical minimum res-
olution for normalized intensity (where 1 is maximum/saturated and O is no signal)
is Al ., = 1/255 = 0.004. Any difference smaller than 0.004 is considered indistin-

res

guishable.
To determine the theoretical minimum resolution of DoLP, we use the formula:

_ Imax B Imin (23)

Imax + Imin

Resp,p

where [, and I ;, are the maximum and minimum intensities produced by the polar-

ization state, respectively. Considering that possible intensity values are integers be-



Multi-chromatic reflectance polarimetry... 117

tween 0 and 255, the smallest possible non-zero difference in the numerator (Z,,,, — /1,.,;,)
is 1. The smallest non-zero DoLP difference occurs when the denominator is maxi-
mized, which happens when [, ,,, = 255 and /,,,;, = 254, yielding a denominator of 509.
Therefore, the theoretical minimum resolution (smallest distinguishable step) for
DoLP is 1/509 = 0.00196 or ~0.2%. In this study, the observed changes in both inten-
sity and DoLP were generally significantly larger than this theoretical minimum res-
olution.

3.4. Limitations

It is important to note that only trends in the intensity of each wavelength can be ob-
jectively discussed due to inherent limitations of the optical setup. The sensitivity of
the system varies across different wavelengths due to system losses and the quantum
efficiency (QE) of the camera. For example, the QE for our camera is generally higher
near 450 nm (for blue pixels) and lower near 495 nm (for green pixels) [19], which
limits the dynamic range of the measurements. However, for the DoLP term, since it
is normalized by total intensity, it can be discussed objectively across different wave-
lengths.

We noted that the polarization extinction ratio (PER) may be wavelength-depend-
ent owing to the use of a liquid crystal rotator. Nonetheless, the measured PER was
found to range from 10:1 to 30:1 across the studied wavelengths. This range is ac-
ceptable for most industrial use cases, with the resulting visual differentiation as de-
picted in Fig. 2.

4, Conclusion

This study has demonstrated the polarimetric imaging system based on liquid crystal
polarization rotator for observing the ripening process of Chokanan mangoes over an
eight-day storage period. The system effectively captured changes in light intensity
and the degree of linear polarization (DoLP) at various wavelengths, providing valu-
able insights into the internal biochemical and physical transformations occurring dur-
ing ripening.

Our findings reveal distinct trends in light intensity at different wavelengths, cor-
relating with known pigment changes in mangoes. Decreases in intensity at 450, 495,
and 532 nm were linked to increased carotenoid concentration in the epidermis tissues
and unmasking of anthocyanins, while the increments at 593 and 660 nm were attrib-
uted to the diminishing chlorophyll. Furthermore, the systematic decrease in DoLP at
593 and 660 nm as mangoes ripened suggests increased light-tissue interactions due
to changes in internal structure and, notably, a decrease in moisture content. The pro-
posed empirical model for DoLP, incorporating factors related to moisture, depolari-
zation, and transport mean free path, aligns with the observed data, particularly
emphasizing the significant impact of moisture loss to depolarization.

While shorter wavelengths (450, 495, and 532 nm) show less significant changes
in DoLP over time due to limited light penetration, the pronounced changes observed
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at longer wavelengths (593 and 660 nm) highlight their potential for effective ripeness
monitoring. 660 nm light is found to be most suitable for reflectance polarimetry man-
go storage assessment. The study underscores the sensitivity of polarized light to subtle
physiological changes in fruit, suggesting that reflectance polarimetry is a promising
non-invasive technique for real-time assessment of fruit quality and storage conditions.
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