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Statistical analysis of the angle of linear polarization for the
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ABSTRACT

In this work, the problem of determining the winding angle in a cylindrical carbon fiber piece, obtained through a filament winding
process, is investigated. A polarization camera is used for the measurement, and the winding angle is determined by statistically
analyzing the angle of linear polarization in each pixel of the region under study. The main influence parameters are considered, like
non-planarity and superficial state of the piece, with the aim of reducing the measurement uncertainty. For this purpose, two different

types of data processing approaches are tested and compared.
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1. INTRODUCTION

Carbon fibre-reinforced polymers (CFRPs) have emerged as
one of the most significant advancements in materials science,
owing to their exceptional strength-to-weight ratio, corrosion
resistance, and versatility in a wide range of fields [1], [2]. Many
scientific papers explore the applications of CFRPs, examining
their advantages, challenges, and recent innovations, as well as
their potential for future technological advancements [3]-[6].

Different methods exist for producing composite materials,
each suited to different types of composites and end-use
applications. In particular, for the production of cylindrical
constructions such as tanks or pipes, filament winding is one of
the most efficient and promising manufacturing methods [7]-
[9]. In order to create an axially symmetric structure, this
method entails wrapping continuous filaments coated with
resin, according to predefined patterns, around a revolving
mandrel. The fibre orientation and lay-up sequences can be
tailored to achieve optimal mechanical properties in the finished
product, such as high strength and stiffness in specific
directions. Filament winding is patticularly advantageous for
producing components in aerospace and automotive industries
where weight reduction and structural integrity are paramount.

In these cases, the winding angle is a critical parameter that
influences the mechanical characteristics of the final component
[10], [11], so suitable and effective inspection methods are
required for product quality control, possibly already during the
production phase [12], [13].

Vision-based techniques provide a number of benefits over
traditional inspection methods, including simplicity of
automation, low cost, and the absence of contact [14]-[17]. The
algorithms used for image processing are a crucial component
of the whole inspection system.

One of the most advanced vision-based techniques for
inspecting carbon fibre components is based on polarization
imaging, that reveals the polarization condition of reflected
light. In particular, in composite components, carbon fibres
demonstrate to reflect unpolarized light in a polarized way,
according to the same angle of the fibre orientation [1], [8], [18],
[19].

This physical phenomenon allows to determine one-shot the
angles of the carbon fibres in the imaged area, using processing
algorithms that, in their basic form, are quite simple and fast to
apply.

Of course, polarization imaging requires specialized cameras
that can capture images at different polarization angles,
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equipped with polarizing micro-filters that selectively allow only
light of a certain polarization direction to pass through.

However, the technique is affected by some sources of
uncertainty such as the surface state of the material, the
curvature of the surface (if it is, for example, a cylindrical
surface), as well as the variability of the illumination, or
vibrations.

This study aims to investigate possible processing
approaches for enhancing winding angle measurement on a
carbon fibre cylinder, by a polarized vision system. The main
influence parameters will be considered, like non-planarity and
superficial state of the piece, with the aim of reducing the
measurement uncertainty.

2. MATERIALS AND METHODS

The monochrome polatized camera FLIR Blackfly S BFS-
PGE-51S5P is used, based on the Sony IMX 250 CMOS sensor.
The camera has a native resolution of 2448 X 2048 pixels.

Each squared group of four pixels is equipped with four-
direction (0°, 45°, 90°, 135°) polarizers, so four different
orientations of light polarization information may be acquired
simultaneously.

The lighting system consists of two soft-boxes with 80 W
light bulbs, that produce a diffused and unpolarized light
(Figure 1), and a 25 mm low-distortion lens is employed.

Other settings are as follows:

e 190 mm: camera-piece distance;

¢ 400 mm: softboxes-piece distance;
e 150 ms: exposure time;

e //8: fnumber.

The images are acquired using the Spinnaker SpinView
acquisition program and saved in RAW format; MATLAB is
then used to process the data.

A hollow cylinder representing a portion of a pressure vessel is
used as the specimen for analysis (Figure 1). It is constituted of
the following materials produced by Huntsman Araldite [9]:

e Araldite LY 3508 as epoxy resin.

e Aradur 1571 as hardener.

e  Accelerator 1573 as accelerator.

Figure 1. Experimental setup.

Figure 2. Definition of the winding angle y.

The cylinder has an internal diameter of 200 mm and a
length of 300 mm, and the texture is characterized by a nominal
winding angle ¥ = 60°, defined as shown in Figure 2.

ajand a, are the inclination angles of the two carbon fibre
tows with respect to the y-axis in the figure, theoretically equal
in modulus to 30° and of opposite sign if measured clockwise
with respect to the y-axis, while ¥ is complementary to 30°,
therefore nominally equal to 60°, as said.

The method used in this work involves measuring the tow
angles a;and a,, the difference of which gives 2 . The winding
angle is, finally, obtained by subtracting B from 90° (Figure 3).

2.1. Data processing methodology

The initial phase of processing is the "demosaicing", that,
for every direction of polarization, extracts the intensity values:
this step produces an image for every polarization direction,
characterized by a fourth of the original image's resolution
(1224 x 1024 pixels).

Next, the Stokes parameters [1] are calculated to
characterize the light polarization state, taking into account the
pixel intensity for each direction (Ig, Iys, lgg, I135):

Ao+ Iis + oo + i35

= 1
So — 1)
S1 =1 = Iy )
Sy =I4s — 135 3

Finally, the Angle of Linear Polarization (AoLP) is calculated
using the following formula:

S
AOLP = 0.5 - atan (—) . 4@
S1
This processing stage yields a matrix 1224 X 1024, where
each element represents the AoLP value in each pixel. These
data, ranging in the interval [-90°; 90°], correspond to the fibre
orientation in each pixel of the image.

Measurement of Measurement of
241 az

T~

P =a;—a

l

y=90°-p

Figure 3. Indirect y measurement methodology.
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Theoretically, for each image the AoLP values are
distributed according to a bimodal distribution. This since in the
examined case there are two nominal orientations of the tows.
Fitting the frequency histograms of the AoLP values with two
distributions, it is possible to estimate @; and @, as the means
of the two distributions itself [20]. In this work, the frequency
values are fitted considering Gaussian and Lorentzian
distributions. The goodness of fitting is assessed considering the
coefficient of determination or R? statistic.

The standard deviation of these distributions can be related
to the irregularity of the surface (fibre orientation, layer of resin,
curvature), but also to the variability of the method itself.

To reduce the effect of the curvature, 2 method has been
developed in a previous work of the authors, which allows to
identify the Region of Interest (Rol) in which this effect is
limited to a value considered acceptable [21].

To evaluate the tows angles, the dataset is split into two
parts. One for positive AoLP values and the other for negative
ones.

In this work, to reduce the measurement variability, twenty
AoLP images are acquired successively in repeatable conditions,
leaving the cylinder and the camera in the same position. Then,
on the basis of these twenty images, the following processing
techniques are developed and compared:

Method 1: averaging, pixel by pixel, of the twenty AoLP

images, to get a single AoLP image. Then, with reference
to this averaged image, determination of the @; and a,
angles from the fitted distributions, as described.

Method 2: determination of the a; and a, angles from the

fitted distributions, for each of the twenty acquired
images. Then, calculation of the means of the n values
obtained for both a; and a,.

3. RESULTS

The preliminary processing steps (demosaicing, Stokes
parameter calculation and, finally, AoLP matrix determination)
have been performed as described in Section 2.1. Furthermore,
the Rol on which to carry out the analysis has been identified as
described in [21], to minimize the effect of the surface
curvature.

In this section, the results obtained using a Gaussian fitting
reported. The comparison between Gaussian and
Lorentzian distribution is discussed in Section 4.

The results of these first steps are described in Figure 4,
which shows the colour map of the AoLP, and the
corresponding relative frequencies in the Rol, fitted by two
Gaussian distributions: these results have been obtained for
each of the twenty images acquired.

are

3.1. Method 1

The results of the application of Method 1 are shown in
Figure 5, which represents the distribution of the relative
frequencies of the AoLP in the image obtained by averaging,
pixel by pixel, the twenty acquired images. In the same figure,
the two Gaussians that fit the experimental data is also depicted.
The values of a; and @, are, therefore, estimated by identifying
the average values of the two Gaussians, equal, respectively, to
-33.3° and 34.5°. The standard deviations of the fitted
distributions are 8.7° and 5.6°, respectively. These standard
deviations refer to the variability of the angle on all the pixels of
the averaged image. The winding angle, applying the procedure
described in Figute 3, results equal to y = 56.1°.
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Figure 4. Results of the preliminar processing of the image: a) Colour map of
the Rol of the AoLP image; b) Fitting of the positive AoLP distributions; c)
Fitting of the negative AoLP distributions.

It is noted that the two angles a; and a5, that theoretically
are equal in modulus at 30° and of opposite sign, actually differ
in modulus from each other by 1.2°, if the described averaging
procedure is applied.

In Figure 6, the effect of the image averaging on the mean
values and standard deviations for @; and a, are reported. In
each step an image is added to the previous ones.
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Figure 5. AoLP relative frequency distributions and fitted Gaussians on the
pixel-by-pixel averaged image.
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Figure 6. Trend of absolute mean value (blue columns) and standard
deviation (orange line) of the Gaussian distribution, varying the number of

images on which the image is averaged, pixel by pixel: a) for a; angle; b) for
a, angle.
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Figure 7. Frequency histogram of measured tow angles a, (a) and a, (b) on
twenty different images.

As shown in Figure 6, averaging pixel by pixel an increasing
number of images has two main effects:

e Reduction of the standard deviation of the
Gaussians

fitted

e Reduction of the mean value of the fitted Gaussian.

Considering the standard deviation trend, in the beginning
there is a sharp decrease in the variability, adding images. This
procedure lowers the variability of the fitted Gaussians, due to
the reduction of noise.

As for the mean wvalue, this reduction trend is more
noticeable in the a; angle where it decreases of about 0.5°. It
starts from 35° in the first image, and it is equal to 34.5° after
averaging all the acquisitions in the dataset. At the same time,
a, has a minor reduction in the mean value that can be
considered constant during this procedure.

It is also observed that the averaging procedure, pixel by
pixel, presupposes a correspondence of the pixels to precise
points of the object in the successive acquisitions. This
assumption is not always guaranteed in practice, when
significant levels vibrations can occur, acting on the piece
and/or on the camera itself: in these cases, if vibration-damping
supportts cannot be used, Method 2 is preferable.

3.2. Method 2

Method 2, as described, involves determining the @y and a,
angles from the Gaussian distributions resulting in each of the
twenty acquired images; then, the average is calculated on the
twenty values obtained, for both a1 and a;.

The analysis of the a; and @, values obtained on the twenty
images, produces the frequency histograms shown in Figure 6:
it can be seen that the mean of @; and @, are, respectively, equal
to -33.6° and 35.1°, while the standard deviations are,
cotrespondingly, equal to 0.03° and 0.02°. The winding angle,
applying the procedure described in Figure 3, results equal to
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Figure 8. Trend of absolute mean value (blue columns) and standard
deviation (orange line), varying the number of images on which they are
calculated: a) for @, angle; b) for a, angle.

¥y = 55.7°. The modulus estimates of a; and &, as can be also
seen in Figure 7, are characterized by low variability, with
standard deviations less than 1 %. Furthermore, the mean
values appear closer in modulus than in the case of the results
of Method 1, differing by 1.5°.

If we analyse how the absolute mean values and standard
deviations vary by increasing the number of values on which the
calculations are performed, from 2 to 20, the trends in Figure 8
are obtained.

From the analysis of these graphs, we note that the means
remain stable going from 2 to 20 images, varying less than 0.1 %.
Similarly, the standard deviations are in the order of around a
few hundredths of a degree.

It is also interesting to note that the two Gaussian
distributions in the individual images have a standard deviation
of 12.5° and 8.8°, with reference to a; and @, respectively:
these values are higher than the standard deviations of the
Gaussians obtained on the pixel-by-pixel averaged image (8.7°
and 5.6°). It is evident that the averaging operation on the single
pixel allows to lower the variability of the AoLP angles in the
resulting image.

4. DISCUSSION

With a nominal winding angle y of 60°, the two methods,
Method 1 and Method 2, provide the values for ¥ of 56.1° and
55.7°, respectively. There is a slight asymmetry between the
absolute values of the angles a1 and a@;, which differ by 1.2° in
the case of Method 1, and 1.5° in the case of Method 2.

In Method 1, the standard deviation of the two Gaussians
that fit the experimental relative frequencies, and equal to 8.7°
and 5.6°, respectively, are representative of the variability in the
entire image, and are related to the variability in the orientation
of the fibres, but also to irregularities in the resin layer and the

surface shape. This wvariability is, therefore, not directly
comparable with the standard deviation of the twenty @; and
a, values obtained with Method 2 (0.03° and 0.02°,
respectively), which, instead, represent a repeatability
uncertainty inherent to the method.

The methods provide comparable results, if we consider the
calculated winding angle, equal to 56.1° in the case of Method
1, and 55.7° in the case of Method 2.

The suitability of fitting the AoLP frequencies using
Gaussian and Lorentzian distributions has been assessed. The
coefficient of determination shows similar results for the two
distributions. It reaches 0.98 when the AoLP frequencies are
obtained by averaging different images (Methods 1), while it
reduces to 0.7 considering a single AoLLP image.

Moreover, compared to the Gaussian fitting, using a
Lorentzian distribution shows differences of no more than 0.1°
in the winding angle (y). Considering Method 2, the differences
between the results are negligible.

Method 1 could be more susceptible to environmental
vibrations, since the pixel-by-pixel average theoretically
presupposes the exact correspondence of pixels with precise
points on the object: this aspect, therefore, should be kept under
control.

Furthermore, the angle values obtained have been compared
with the measurement results obtained by applying an edge
detection method on images acquired with a traditional camera
[9], and the values have been found to be compatible, i.e.
different by an amount lower than the expanded uncertainty
(95 % confidence level).

In the development of the work, a flat piece of carbon fibre
manufactured with great accuracy will be used as a reference for
the evaluation of any systematic effects, and of the measurement
uncertainty, and, in particular, to quantify the impact of surface
finish and curvature of the material.

5. CONCLUSIONS

In this work, the problem of determining the winding angle
in an axisymmetric carbon fibre piece, obtained through a
filament winding process, has been investigated.

A polarization camera has been used for angle evaluation,
and two different types of data processing approaches have
been tested.

In the first case, twenty AoLP images have been averaged
pixel by pixel, and the fibre angles have been determined by
identifying the means of the two Gaussian distributions that fit
the experimental frequencies.

In the second approach, for each of the twenty AoLP
images, the fibre angles have been determined from the
Gaussian distributions and, finally, the twenty values have been
averaged.

The methods provide comparable results, if we consider the
indirectly measured winding angle, equal to 56.1° in the case of
Method 1, and 55.7° in the case of Method 2, and the
corresponding variability.

In future work the investigation methods will be applied on
a piece that could be considered as a reference, due to the
regularity of the fibre angles, the flatness and the surface finish,
to identify any systematic errors and evaluate the uncertainty
inherent to the measurement method. The results of this study
will provide information to identify specific precautions and
solutions to improve the technique, or to allow us a more
accurate delimitation of its applicability to practical cases.
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Finally, it is emphasized that the technique, in its current
configuration, is suitable for the analysis of flat, cylindrical, and
spherical surfaces, thanks to the Rol identification method that
minimizes the curvature effect. Modifications to the
experimental setup and the data processing algorithm will be
studied to evaluate its possible extension to more complex
geomettries.
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