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Polarization-Sensitive Optical Coherence Tomography (PS-OCT) is a widely-used technique for high-resolution
material characterization since it allows for real-time structural analysis and imperfections identification.
Nevertheless, when the sample is too big or imperfections are not on the micrometric scale, PS-OCT imaging
can become too complex to be performed on a regular basis. Alternatively, polarimetric camera (PCam) imaging

can obtain polarization measurements of a sample at a macroscopic scale, allowing for a faster and cheaper
inspection of the sample. In doing so, the depth-profiling capabilities of PS-OCT would be forfeited, as well as
the ability to measure other than the linear polarization qualities of the light beam. This paper compares the
data that can be easily extracted from a PCam, with the complete and more complex characterization of the
polarization of light that can be obtained with a PS-OCT device. The comparison of both systems is assessed
through the evaluation of their performance when measuring different stress states of a sample.

1. Introduction

Optical Coherence Tomography (OCT) is a technique based on the
interferometric properties of light that is used to capture volumetric
images of a sample by scanning it with a laser source with micrometric
resolution [1]. Although this technology grew initially in the field of
ophthalmology as a tool to study corneal and retinal properties [2—
5], many research groups started using it to search for internal and
surface structures in material testing. Since OCT uses non-ionizing light
and does not make contact with the sample, it was used to evaluate
the profilometry of surfaces and coatings [6,7], to evaluate glass and
substrates quality [8,9], to analyze weld depth in metallic materials
[10,11] and to find flaws and defects in materials in general [12-15].

Polarization-Sensitive OCT (PS-OCT) is a functional extension of the
standard OCT technology that includes extra volume optics or fiber-
based elements to control the polarization of the laser source [16,17].
By adding polarization-sensitive detector components, one can establish
the Stokes parameters of the light that back-scatters from the sample at
each spatial point. This modality became a valuable tool in material
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science to analyze stress patterns inside polymer and plastic samples
[18,19], mainly because of its ability to create internal stress map-
pings [20]. Any impurity or defect inside a sample would change its
polarimetric properties at that location, so the polarization maps of the
material would have visually different behaviors at that position, caused
by the internal stress that said defect generates on the sample. Not only
that but externally applied deformations would also manifest as inter-
nal polarimetric differences related to the direction of the applied stress
[20].

The main drawback of PS-OCT when it comes to material testing
is sample size. Typical field of view values in an OCT system is in the
range of the millimeters, which means that to analyze bigger pieces you
need to mosaic 3D PS-OCT measurements together [21], which can be
a lengthy and tedious process if done manually. The complexity of the
data captured with a PS-OCT device has to be taken into consideration
too, since developing maps of polarimetric magnitudes usually requires
point-by-point calculations that, depending on the sample size, can be
very computationally intensive. Both of these issues can be tackled by
using a polarimetric camera instead.
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Fig. 1. 3D model of the device designed to apply uniform increments of stress on a sample (a). The adhesive tape is secured on the two posts marked in red and, by
using the exterior wheel, stress is applied on the sample in opposite directions. The exterior wheel has an insert that allows us to add a pin that fixes both the position
of the wheel and the applied stress. The 3D printed device is paired with the PCam equipment (b) or with the PS-OCT device (c). The PCam setup is comprised of
the camera (1), a micro-imaging lens (2), the LED and angled mirror light source (4), the beam expander (5), and the polarizer (6). The PS-OCT device has a fiber
optics adaptor (1) for the laser source, a collector lens (2) that fixes the penetration depth and resolution, and a height-adjustable, volume optics interferometer (5),

comprised by the sample (3) and reference (4) arms.

A conventional polarization or polarimetric camera (PCam) is es-
sentially a regular camera that has an array of polarizers laid on top
of the surface of the sensor [22]. These kinds of devices are generally
used in the industry as a method to detect defects such as scratches,
to find pressure points on materials, and to remove reflections in all
kinds of surfaces by just taking a single snapshot, since all of these
characteristics cause differences in the polarization state of the reflected
light [23]. Aside from industrial uses, recently developed PCam-based
experimental setups have been applied to the measurement of shock-
wave-induced polarization effects [24], to underwater imaging and
enhancement through the degree of linear polarization [25-27], to bire-
fringence measurements in liquids [28] and to color and polarization
combined measurements [29,30]. Similar applications to that of the PS-
OCT systems have been developed with PCam setups for tasks such as
stress measurements [31], by adding optical retarders to capture the
complete polarimetric effects on the sample.

Typically, the polarizers array consists on patches of 2x2 linear po-
larizers at 0°, 45°, 90°, and 135°, so that three of the four Stokes
parameters that are related to the linear conditions of light can be cal-
culated [32].

As with any conventional camera, an added benefit of using a PCam
is the versatility to pair it with multiple lenses, and therefore adapt to
wide-field [33] or microscopic samples [34]. Not only that, but since the
limiting factor is the amount of light that enters the sensor, one could
take videos that capture the evolution of the polarimetric properties of
a sample with time, as fast as the frame rate of the camera allows it.

Importantly, when comparing a PCam with a PS-OCT device, the lat-
ter will have a much greater lateral resolution when using conventional
lenses (i.e., not macro or microscope lenses), as well as the ability to
perform depth measurements. When to use one or the other will de-
pend on the nature of the analysis to be performed. Unfortunately, to
the authors’ knowledge, there are no publications that systematically
relate both modalities in terms of polarimetric equivalence.

In this article, we seek to find an analytical relationship between
PS-OCT and PCam-based systems such that their measurements can
be related. In other words, the main objective of this manuscript is to
provide empirical expressions that allow us to predict the polarization
magnitudes of one imaging modality given data coming from the other.
As a reference material with high repeatability, we used adhesive tape
that we could stretch at different levels of strain in a controlled manner.

2. Materials and methods
2.1. Equipment

A custom 3D-printed device (Fig. 1, a) was used to apply discrete
increments of longitudinal stress in regular intervals to a single tape
piece of 7 cm that is secured between two rotating posts.
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Fig. 2. 2Xx2 polarizer array used over Sony’s PolarSens Cameras. On each of the
four pixels, the sensor uses linear polarizers set, clockwise, at 90°, 45°, 135°
and 0° with respect to the horizontal.

In order to obtain the PS-OCT data we used the commercially avail-
able TEL221PS system from Thorlabs (Fig. 1, c). This device has a
1300 nm superluminescent diode source, with a depth resolution of
5.5 um and a lateral resolution of 13 um with the selected lens (OCT-
LK3) both measured in air. This system comes with a volume optics
polarization-sensitive module (OCTP-1300PS) that allows for user cus-
tomization, such as the modification of the optical beam path or in-
terchangeable lenses. The polarization state of the light back-scattered
from the sample gets split into its horizontal and vertical components,
which allows for full Stokes components determination (S, S, S5,
and S5, or I, Q, U and V). The polarization-sensitive module has two
wave-plates oriented such as the light that strikes the sample is circu-
larly polarized (Q/1 =0,U/I =0,V /I =1).

The polarimetric camera (PCam) used was a Sony PolarSens (XCG-
CP510), paired with volume optics to create a reflectance setup (Fig. 1,
b). The CMOS sensor of the camera has a linear polarizer engraved
on each pixel, sitting under the on-chip lens, so that each pixel cap-
tures a different linear polarization. The polarizer array consists of a
2x2 macro-pixel repeated across the CMOS sensor, with linear polariza-
tion aligned at 0°, 90°, 45° and 135° (Fig. 2). With these polarizers,
the three Stokes parameters related to the linear behavior of light can
be obtained (S, S, S,).

The light source used in the PCam setup is a red laser diode (LP660-
SF50, Thorlabs), which has a wavelength of 660 nm, a bandwidth of
20 nm and a typical optical power of 50 mW. The laser is collimated
with a protected silver reflective collimator (RCO8FC-P01, Thorlabs)
and, after that, expanded to form a spot of 17 mm in diameter with
a x2 beam expander (GBE03-B, Thorlabs). We used an optical diffuser,
made from 1500 Grit N-BK7 ground glass, right after the beam expander
to reduce the coherence properties of the laser and remove the diffrac-
tion patterns created by the edges of the mounts. After that, we added
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a linear polarizer to set the incident polarization state as horizontally
polarized light (Q/I =1, U/I =0,V /I =0).

The setup is paired with an Optem FUSION micro-imaging lens sys-
tem, comprised of five different lens modules (QIO-35-08-70, QIO-35-
08-13, QIO-35-31-10-000, QIO-35-03-10, QIO-35-00-05). The lens al-
lows for different magnification settings, with a resolution of 12 um/px
and 3.1 um/px, and a field of view of (6.3 x7.6) mm and (1.6 X 1.9) mm,
for the smallest and greatest zoom possible, respectively.

2.2. Samples and measurement procedure

To establish the relationship between the PS-OCT and the PCam
measurements, we used adhesive tape (Scotch Magic Tape, 3D ID
7100024666, width = 19 mm) under different stress conditions (z) as
a phantom. After setting the sample in the 3D-printed device, a 5x5 mm
square was marked at the center of the tape. This square was used
as a reference for manual region of interest (ROI) selection in post-
processing with both systems. The size and positioning of the 5x5 mm
square were selected to simultaneously ensure that the region of tape
under analysis was as far away as possible from both strain posts while
making sure that, even when stretching the tape fully, the ROI could
still fit inside the field of view of the PS-OCT.

We characterized the stress that our 3D printed device can apply in
terms of the measured strain € it produces on the tape and its Young’s
modulus, E = 10.1 MPa [35]. For each individual applied stress index
7, we measured its length /, with respect to its initial length L and
calculated the strain e = (I — L)- L~! and the longitudinal stress 0 = E -
. Note that ¢ is dimensionless as long as L and /, have the same units
(mm or px in our case). To measure /j, a metallic permanent marker
was used to paint lines on the tape oriented in the direction of the
elongation. From our PS-OCT measurements, we calculated the depth-
averaged intensity (I) which allowed for easy image segmentation of
the highly-scattering permanent marker lines. The amount of strain on
the lines, €, was determined for each 7 and averaged across all marked
lines as a measurement of €(7) of the tape.

To obtain the polarimetric properties, the same spot of the sample
was measured using the PS-OCT setup and the PCam, for each 7, before
applying the next strain value. By using the 3D printed device, the tape
is stretched from both ends so that the analysis region always stays in
the same position.

We chose this kind of tape as a phantom of applied stress mainly
because it shows polarization patterns when studied under stress con-
ditions. Furthermore, tape is a malleable plastic that is strong enough
to keep its shape when stretched and resists high longitudinal stress,
allowing us to make multiple 7 measurements. Translucent instead of
fully transparent tape was chosen for this experiment to facilitate the
focusing process with the PS-OCT and the PCam.

2.3. Polarimetric analysis

The Stokes parameters (I,Q,U,V or S|,5,,S3,S,) are used to de-
fine the polarization state of partially or totally polarized light. The
following information can be found in multiple references [36,37], but
it has been introduced below for completion.

For a z-propagating electric field given by E = E, % + E,§ (Fig. 3),
the Stokes parameters are defined as (1):
So=I=(E;)+(E)=1I,+1I,

S$1=0=(E}) ~(E) =1, -1, o
Sy =U =(E;5) —(E}s) =145 — I35
Sy=V =(E})—(E})=1-1,

where (-) denotes time average, I; intensity of the electrical field com-
ponent i, h horizontally polarized light (x-polarized), v vertically po-
larized light (y-polarized), 45 is linearly polarized light at a 45° angle
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Fig. 3. Coordinate system and electric field definition for the Stokes parameters.

from x, 135 is linearly polarized light at a 135° angle from x, [ is
left-handed circularly polarized light and r is right-handed circularly
polarized light.

Usually, one will work with the I-normalized versions of (1,Q,U, V),

namely (I,Q,U, V), which are defined in the following domains:

o

I= €[0,1] ; 0==¢€e[-1,1]

max

Uz%e[—l,l] s V=

(2

< ~

7 e[-1,1]

The degree of polarization uniformity (DOPU) indicates how much
light polarization varies across the spatial dimensions, and can be cal-
culated by doing a spatial average of the Stokes parameters as follows:

(0 +(U*+(V)?
(1)?

where (-) indicates the spatial averaging. When the light is completely
polarized and has the same polarization across one neighborhood,
DOPU = 1. On the other hand, completely depolarized light will have
DOPU =0. In a similar manner, one could define the degree of linear
polarization uniformity (DOLPU) by studying only the linear proper-
ties of light as:

V(0)* +(U)?

(1)

If the light is completely linearly polarized and is uniform across the
sample, DOLPU = 1. However, any kind of depolarization, lack of
uniformity across neighborhoods, or any amount of non-zero circular
component will yield DOLPU < 1.

Both DOPU and DOLPU quantify the uniformity of polarization
properties across the spatial dimensions. Individually, DOPU and
DOLPU can serve as indicators of structural anisotropy in a sample,
given that defects, changes in thickness, thermal anomalies, or pressure
gradients can locally affect the polarization state, thereby influencing
both DOPU and DOLPU. Besides sample-related effects, they can also
serve as indicators of image quality. Detectors with an elevated noise
profile will result in noisier polarization states, leading to less defined
DOPU and DOLPU. The choice between using one or the other will
depend on the need for complementing the linear polarization proper-
ties (Q, U) of the light source, sample, and detector, with their circular
counterpart (V).

The Stokes parameters can be rewritten to define spherical coordi-
nates in terms of the angles given by the polarization ellipse (¥ and y),
which defines the movement of the electromagnetic vector over time in
one fixed z-plane (Fig. 4), as:

DOPU =

€[0,1] 3

DOLPU = €[0,1] 4

S0=I=a%+a§=az+b2
S\ =0=a—a} =S5 cos(2y) - cos(2¥)

S, =U =2aya, - cos(6) =S - cos(2y) - sin(2¥)

()

Sy =V =2aya, -sin(6) =S - sin(2y)
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dl

Fig. 4. Coordinate systems and polarization ellipse parameters.

where (a, b) are the ellipse’s major and minor axis, y is the angle that
defines the ellipticity, (2a,,2a,) are the sides of the rectangle in which
the ellipse is inscribed, a is the angle that defines the diagonal of the
rectangle and ¥ is the inclination of the ellipse with respect to x. The
angle § is not depicted in Fig. 4 because it represents the phase delay
between components E, and Ey (Fig. 3). If {6 =mn ; m€ Z*}, the
ellipse collapses into a line and light is linearly polarized. In the case
that {6 € (0, x)}, light is left-handed polarized and, if {§ € (x,27)}, light
is right-handed polarized. To have circularly polarized light, the ellipse
and the rectangle must have equal axes, a; =a, =a=b, and E, and E,
must be in opposed-phase, {6 = (2m + 1)% ;, meZt}.

With equations (1) and (5), we can obtain (¥, y, §, @) from the stokes
parameters. Our PS-OCT system allows for (1, Q, U, V') determination
but, with the PCam, we can only find I, Q, and U because its sensor
is covered only with polarizing filters and not phase optics. Because of
that, we calculated an expression for every polarimetric magnitude by
using only equations (5), along with tan(y) = a/b and tan(a) = a, /a,,
but without involving V' (full derivations are provided in appendix A).
We used equations (6)-(11) to compare the measurements of /7, Q, and
U provided by the PS-OCT and PCam systems.

L1 (U _T .z
‘P—ztan (Q)e[ 2,+2] 6)

Lot (L2
¥=5008 <cos(2‘P)I>

1 1 U + @
-1 T
= — S _— O’ —]
2% <sin(2‘P) T > € [ 1
2 _ 202,02
(‘5=lcos_l (771 m” = 2nm € [0,ﬂ
2 m? + n? 2 (8)
{(n=1tanQ¥) ; m=sinQy)}
1 . _; (sin2y)
a = =sin -
2 sin(6)
(C)]
= ltan_1 tan@z) € [ﬁ 1z
) cos(8) 472
T -tz 2
a2 = _r » = din(){) (10)
1 +tan%(y) 1 +tan?(y)
Ctan2
a% _ 1 a% _ I -tan“(ar) an
1 + tan%(a) 1 + tan%(a)
3. Results

We started our procedure by measuring the Stokes parameters
(I1,0,U,V) of the adhesive tape sample with the PS-OCT device with-
out any stress applied and, right after that, we took a picture with the
PCam and calculated (I, Q, U) with equations (1). Next, we increased
the applied stress to repeat the procedure until the tape broke. A pin
was used to fix the applied stress to the sample in order to measure it
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with both devices. We will refer to the position of the pin as “applied
stress index” (7).

Our PS-OCT system was used to characterize the applied stress =
in terms of tape strain e and longitudinal stress . Both magnitudes
are related through Young’s modulus as E = ¢/e = 10.1 MPa [35]. By
measuring e(r) as described in Section 2.2, linear relationships were
identified both between ¢ and = (Fig. 5, a) or ¢ and = (Fig. 5, b).

The first z value has a corresponding e < 0, which is not physically
possible. This is probably due to the fact that the tape may not be sub-
jected to sufficient tension when applied to the 3D printed device, and
subtle creasing is visible until tension is applied uniformly (z > 1). This
means that our custom 3D-printed stretcher is a suitable tool for apply-
ing controlled stress increments on tape samples but is likely unsuitable
for highly precise, low-intensity strain. To easily identify the different
applied stress (z) conditions, the color code shown in Fig. 5 is used
across the figures of this paper, where low-stress values are assigned to
darker colors, while higher ones are assigned to lighter colors. The
values will be converted to ¢ according to the derived linear relation-
ship (6 =(-0.31 + 0.367) MPa, Fig. 5, b).

PS-OCT allows us to obtain the polarimetric magnitudes at different
depths inside the sample, Z, while the PCam setup will integrate the
signal coming from all depths. However, since the highest refractive
index change happens when the light first enters the sample, and the
roughness of the tape is strongest on its surface, the PS-OCT system cap-
tures the highest intensity at the air-tape interface (average of 1.4x10°
counts at Z =0 px). The second highest intensity is achieved when the
light exits the tape on the other side (average of 3.1x10° counts at
Z =23 px ~ 80 um), which is still almost 450 times less intense than
the light at the first interface. This phenomenon is demonstrated in
Fig. 6.

Therefore, two regimes of analysis can be considered: one that fo-
cuses on the single-scattering surface effects, and another that studies
the polarimetric behavior of light after traversing through the bulk of
the sample. To accomplish this, 3D segmentation of the tape samples
was conducted by identifying the two most prominent peaks as the
air-sample and sample-air interfaces for each A-scan. Subsequently, the
analysis was exclusively performed on the first surface indicated by the
most intense peak (Z =0 px) or across the entire tape (Z € [0, 23] px),
encompassed between the surfaces defined by both peaks. As light pen-
etrates inside the sample, it will tend to lose its polarization uniformity
due to an increased probability of change in the propagation direction
caused by the scattering. Fig. 7 shows the change in DO PU for a piece
of tape that was stretched with our 3D-printed device, as measured by
our PS-OCT system. In Fig. 7 (a), we considered only the surface layer
of the tape (Z =0 px), while in Fig. 7 (b) we averaged all Z values for
each applied tensile stress (Z € [0,23] px).

Using all Z values to calculate the polarimetric magnitudes yields
less polarization uniformity than using only Z =0 px, due to both the
previously shown decrease in intensity and the increase in scattering in-
side the sample. To compare the PCam information with the PS-OCT,
all of the following results presented in this section for the PS-OCT sys-
tem are those corresponding to Z =0 px, i.e., the surface of the tape.
This allows us to contrast the volume-integrated signal captured by the
PCam with the single-backscattered measurements received from only
the surface of the tape with PS-OCT.

Fig. 8 shows the normalized Q and U values for one of the used
tape samples. In that figure, the average value of ¥ (6) is indicated as
an arrow on the Q — U plane, for each measurement. This sample was
measured under twelve different r conditions before it broke, which
translates into 714 X 714 PS-OCT data points and 612 X 512 PCam data
points, for each 7. The number of pixels used for the region of interest
increased with the applied stress since stretching the tape caused the
reference markings on the tape to increase in area as well. As the stress
increased, the polarization properties changed slightly between the dif-
ferent measurements. The data distribution is wider but thinner for the
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Fig. 9. Average (scatter points) and standard deviation (error bars) of ¥ for PS-OCT (a) and PCam (b) measurements. Greater variation of ¥ is shown in the PS-OCT
images. The standard deviation on (a) was, on average, 0.40 rad, while on (b) was 0.17 rad. The vertical scale is the same for both graphs.

PS-OCT measurements, while the PCam captures a more symmetric dis-
tribution.

To further analyze how much the angle ¥ changes with stress, the
average value of W is calculated, as well as its standard deviation o(¥),
for both systems (Fig. 9). The standard deviation can be interpreted as
a measure of how spread the cloud of points is. We found that the stan-
dard deviation for the surface of the tape (Z =0 px) as measured by
the PS-OCT system was, on average, 0.40 rad. For the PCam system, the
standard deviation was 0.17 rad, which is 2.35 times smaller. Repeat-
ing this procedure by using all Z values inside the sample, the standard
deviation for the PS-OCT device increased up to 0.71 rad, which is con-
sistent with the loss of DOPU previously indicated.

We derived the remaining angles by equations (7), (8) and (9) and
compared the results obtained by both systems. Initially, no correla-
tion between the angles was found; the data points did not follow any
kind of linear or non-linear relationship either between systems or with
respect to the applied strain. Therefore, we proposed a different ap-
proach. Instead of comparing the angles at the individual = conditions,
we analyzed the overall change in polarization up to a = value. Given

a variable f and a stress state 7,, the overall accumulated value of g,
Boces is defined as f,.. = ¥ f(7) (Fig. 10).

Given that the relationship of the accumulated angles between the
two systems is now apparently linear (B,.. psoct & Bace.pcam)> We fit-
ted the data to a linear model (y = a + b - x) and obtained the values
of the origin (a) slope (b) for each angle (Table 1). The coefficient of
determination (R?) for all models was R? > 0.99, and the relative root
mean squared error (RRMSE) was RRMSE< 0.5% for the four angular
relationships. The highest slope achieved was for ¥ .. with b~ 1.6, fol-
lowed by §,.. and a,., with b= 0.35 and, finally, by y,.. with b~ 0.14.
All models had an intercept value close to zero.

In Fig. 10 the stress index 7 is indicated as a color for each mea-
surement. Since both PS-OCT and PCam measurements increase when
7 increases (f,.. psoct %7 and By pcam  7), @ linear model was used
again to describe the relationship between the individual accumulated
angles and the applied stress (Table 2). Again, the value of the coeffi-
cient of determination for all models was R? > 0.99 and the RRMSE had
values lower than 1% for all PS-OCT measurements and RRMSE lower
than 0.5% for their PCam analogs.
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Fig. 10. Average values of the cumulative increment of ¥ (a), ¥ (b), a (c) and 6 (d), at different stress conditions, comparing PS-OCT and PCam measurements.

Table 1

Results of fitting the accumulated (acc) versions of the different angles
to a linear model. The coefficient of determination R? and relative root
mean squared error (RRMSE) was calculated between the expected out-
put and the actual output for each model.

Yoee @lpsocr =a+b- Yoo (Ol pcam Zace (D psocr =8+ Xoee (Ol pcam

a = 0.203 + 0.085 [rad] a = -0.0786 + 0.0091 [rad]
b = 1.609 + 0.015 b = 0.1388 + 0.18
R? = 0.999 R? = 0.992

RRMSE = 0.42% RRMSE = 0.43%

Sace(Dpsoct = a+b - 84, (D) pcam e (D)l psocr =+ b e (D peam

a = -0.152 + 0.065 [rad] a = -0.156 + 0.032 [rad]
b = 0.3403 + 0.0053 b = 0.3602 + 0.0076
R? = 0.994 R? = 0.998

RRMSE = 0.36% RRMSE = 0.16%

4. Discussion

The polarization state of light reflected off adhesive tape was mea-
sured for different stress conditions with both PS-OCT and PCam setups.
Initially, no apparent visual correlation between the two systems was
found (Fig. 8). While PS-OCT measurements were close to the polari-
metric sphere’s edge with O < 0, PCam measurements stayed as a cloud
around Q =0,U > 0. Generally speaking, the normalized (Q,U) values
have a more symmetrical and less dispersed distributions in the case of
the PCam than the PS-OCT (Fig. 9). This may happen because, while
the PS-OCT system uses circularly polarized light to excite every direc-
tion of the sample, the PCam is using linearly polarized light that might
not be suffering the same polarimetric effects, giving rise to different
projections over the Q — U plane.

The differences in the angles (particularly ¥) and their standard de-
viation between both systems are expected (Fig. 9), considering that
these measurements are inherently different from each other. On the
one hand, PS-OCT allows us to calculate the Stokes parameters at the
surface of the tape (Z = 0 px) or through all of its volume (Z €
[0,23] px), while PCam measurements are integrated and, therefore,
averaged over depth. Depth averaging could result in more homoge-
neous values of ¥, which could explain the lower standard deviation in

Table 2

Results of fitting the accumulated (acc) versions of the
different angles to the stress index 7 through a linear
model for the PS-OCT (top) and PCam (bottom) sys-
tems.

Yoee Olps_ocr =a+b- Xaee(Dlps_ocr =a+b-7

a = -0.43 + 0.11 [rad] a = 0.078 + 0.012 [rad]
b = 1.005 + 0.015 b = 0.1174 + 0.0010
R? = 0.998 R? = 0.999

RRMSE = 0.76% RRMSE = 0.77%

Suec(Dlps_ocr =a+b-t ee(Dlps_ocr =a+b-t

a = 0.385 + 0.054 [rad] a = 0.363 + 0.041 [rad]
b = 0.4964 + 0.0083 b = 0.2871 + 0.0063
R? = 0.997 R? = 0.997

RRMSE = 0.33% RRMSE = 0.65%

VYoee@Dlpeam =a+b-7 Xace(Dlpcam=a+b-7

a = 0.745 + 0.015 [rad]
b = 0.6428 + 0.0024
R? = 0.999

RRMSE = 0.43%

a = 0.72 + 0.13 [rad]
b = 0.753 + 0.021
R? = 1.00

RRMSE = 0.094%

Oucc(Dlpeam =a+b-7 e D|pecan=a+b-7

a = 1.500 + 0.054 [rad]
b = 1.2927 + 0.0083
R? = 0.999

RRMSE = 0.43%

a = 0.755 + 0.041 [rad]
b = 0.7562 + 0.0063
R? = 1.00

RRMSE = 0.016%

the PCam results with respect to their PS-OCT counterparts. Addition-
ally, different wavelengths are being used in each system: PS-OCT is
operating at 1300 nm whereas PCam is acquiring at 435 nm. Consider-
ing the wavelength only, this means that backscattering and, therefore,
signal power will be stronger for PCam than for PS-OCT. For the latter,
the strongest signal will be at the surface, and decay in signal, as the
laser penetrates the sample in PS-OCT, can deteriorate the value of the
polarimetric properties. Furthermore, scotch tape presents a significant
level of roughness that is much more apparent with the non-averaged
PS-OCT signal than with PCam. Despite all these phenomena we have
seen that it is possible to find a relationship between both modalities.
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When comparing the angles between both systems for different
stress conditions we found what appeared to be randomly distributed
clouds of data that were transformed into a linear relationship by study-
ing the cumulative change in the angles instead (Fig. 10). The initial
random appearance of the data can be caused by the periodical nature
of the angles. Two angles that have a {+2nx | n € R} difference will
provide the same values of (I,Q,U, V). By using the sum of the values
instead, we are unwrapping the angular signals so that we can remove
the periodicity associated with them and compare them between sys-
tems accurately.

We assumed a linear relationship y = a + bx between the accumu-
lated angles calculated with the PS-OCT and PCam data (Table 1). We
found that ¥, for the PS-OCT data increases faster than its PCam coun-
terparts (b > 1), while for the remaining angles, the opposite happens
(b < 1). The calculated coefficients of determination (R?) indicated a
highly linear relationship between both systems (R? > 0.99). The ob-
tained root mean squared error (RRMSE) suggests that one could trans-
form the results obtained by the PCam and the PS-OCT into each other
with high accuracy (RRMSE< 0.5%).

When assuming a linear behavior not only between the angles of
the two systems, but also with respect to the applied stress (Table 2),
we found very similar values for the R2, all greater than 0.99 and even
0.9995 for some angle-stress pairs. The RRMSE values indicate a low
error on the calculations of the PS-OCT linear models, with RRMSE<
1%, and even less error in the case of the PCam models, with RRMSE<
0.5%.

After repeating the previously mentioned experiments by using all
of the Z planes of PS-OCT inside the sample no significant change in
behavior was apparent; the accumulative angles were still linearly cor-
related between systems with R? > 0.99. The data distributions for the
angles were wider and their standard deviation was greater, which is
expected when having more data points.

The linear models between the polarimetric angles and the applied
stress index 7 are, in essence, stain-stress curve analogs. Because of that,
these linear models are sample-dependent since the elongation and,
therefore, the changes in polarimetric magnitudes, are determined by
the Young’s modulus of that specific sample. A sample that had little
to no elastic behavior and only plastic deformation when under stress
could present a completely different problem that might need a differ-
ent curve to describe its angle-stress model.

Nevertheless, these kinds of experiments can be performed to an-
alyze the elastic behavior of a sample as long as the stress applied is
known, with the benefits of not having to use a bulky tensile stress ma-
chine and even being able to lower the price of the test device to that
of a polarimetric camera, a polarized light source and a lens.

5. Summary

We conducted a series of experiments on adhesive tape and mea-
sured its polarimetric properties during the tests with two commercially
available devices: a Polarization-Sensitive Optical Coherence Tomogra-
phy setup and a polarimetric camera.

Since our systems do not share a light source, the Stokes parame-
ters that we obtained are not initially comparable between them, so
we evaluated instead the evolution of the polarimetric angles with
stress. By studying the accumulative change in the angles via adding
the individual angle increment for each applied strain, the relationship
between the accumulated angles for the PS-OCT and PCam devices be-
came highly linear. This means that any stress test that is performed
in one of the systems can be easily translated to the other. That equiv-
alence between systems could be a powerful tool in material science
and fabrication since an in-depth micrometric analysis of a sample, per-
formed with a PS-OCT system, can be up-scaled to an evaluation of
identical samples, with the aid of a PCam, while keeping the relation-
ship between the macroscopic and microscopic polarimetric properties.
This equivalence between polarimetric properties could facilitate the
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transition of laboratory experiments to manufacturing, the comparison
of results between different research groups, establish repeatability and
replicability protocols in applied research, and minimize setup costs in
a variety of applications.
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Appendix A. Polarimetric magnitudes from the Stokes parameters

This section contains the derivation for the expressions of (¥, y, @, 6)
that were used in the main manuscript to compare the polarimetric be-
havior of light obtained with the two used devices: PS-OCT and PCam.
With the PS-OCT equipment we can measure (I,Q,U, V') and, with the
PCam, only (I,Q,U), which is why we are going to dedicate this sec-
tion to finding every polarimetric variable possible with only the first
three out of the four Stokes parameters.

We start with the two versions of the Stokes parameters [36,37]
(equations (A.1)-(A.5)):

So=I=(E}Y+(E)=1I,+1I,
S1=0=(E))—(E})=1,-1,
Sy =U =(E})—(ELs) =I5 — I35
Sy=V =(E})—(E}))=1—1,
So=1=a]+ay=a*+b (A.2)

Stoke’s parameters (A.D)
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%4

Fig. A.11. Poincaré’s sphere representation for the stokes parameters. Each of
the O, U and V represent one of the spatial axis and I is the radius of the
sphere. Each of the individual possible light states (orange point) represent one
point on the surface of the sphere. If light is partially polarized, the correspond-
ing states will be inside the sphere instead. Natural light sits at the origin of the
coordinate system.

Sy =0=a—a} =S5, cos(2y) - cos(2¥) (A.3)
S, =U =2aya, - cos(6) = S - cos(2y) - sin(2¥) (A4
Sy =V =2aya, -sin(6) =S - sin(2 y) (A.5)

Since we work with the I-normalized versions of (I,Q,U,V), (7, 6, ﬁ,
V'), these variables are defined in the following domains:

o

1= €[0,1] ; 6:76[—1,1] ; ﬁ:%e[—l,l] :

max
p— V
V===¢ —1,1]

7 [ 1

It is worth noting that, by Egs. (A.2), (A.3), (A.4) and (A.5), these vari-
ables can be defined in a sphere of radius 1 (or I,,,,, if we are not using
the normalized versions) called Poincaré’s sphere (Fig. A.11) [36,37], as
per the relationship between them and the spherical coordinate system
equations. Polarized light will be represented as a point on the surface
of the sphere, (12 = Q% + U? + V?), while partially polarized light sits
inside the sphere instead (/ 25 02+U?+V?2). The concept of Poincaré’s
sphere will be useful to understand the domain of the polarization an-
gles.

A.1. Finding¥ and y

We derive ¥ from (Q, U) through equations (A.3) and (A.4) as:

(A4) _ U _sin@¥)

(A.3) 0~ cos2¥)

1. 4(U T
=3 tan (§>e[—5,+5] (A.6)
It should be noted that, when calculating ¥, it is necessary to know
and keep the signs of O and U individually so the quadrant value of
tan~! is accurate. Numerically, many programming languages provide
a function called atan2 (-, -) with this very purpose.

By using (¥, 1,0) or (¥, I,U) (egs. (A.3) or (A.4)) we can obtain y
as:

Uyl 1 o\usnl 1 U [ +n]
o1 gyl _L _Y\elot=
X =3 <COS(2‘I’) T ) 2% ( Sin2¥) T ) 4

(A.7)

=tan(2Q¥)

Note that we cannot obtain the full range of variation of y just from
QO and U alone. Since we are using only one plane of the full Poincaré
space, points that have symmetry with respect to that plane, i.e., points
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©.U,-v)

Fig. A.12. Two points on the Poincaré sphere (orange dots) will have the same
projection over the plane (Q,U) (yellow dot) if the absolute value of their V'
coordinate is the same.

with the same V' magnitude but with different sign, will have the
same projection over the plane (Q,U) (Fig. A.12). To solve for the full

[_T”’ % range of y, we would need to use equation (A.5) instead of

deriving it from Q and U.
A.2. Finding 6 and «

We are going to use ¥ and y to find 6. By definition, y and « are
derived from the polarization ellipse (Fig. 4) as
b
tan(y) = — (A.8)
a

a
tan(a) = —=
a;

(A.9)

where (a, b) are the major and minor axis of the ellipse and (24;,2a,)
are the length of the sides of the rectangle that the ellipse is inscribed
in.

By dividing both sides of U (A.4) by O (A.3) we get the following:

(A4) U _2ajay-cos(6) Sp-cos(2y)-sin(2¥)

(A3) 0" @2_a2  Sy-cos(2y) - cos2¥)

1 2

If we focus on the last equality and add a, from (A.9)

2 7{ - tan(a) - cos(8)
1 - tan (@)

_ Syecost27) - sin(2¥)

T Sy-ces27) - cosQ¥)

which, by the tangent of the double-angle, is

(A9) — a, =a; -tan(a) —

tan(2a) - cos(6) = tan(2¥) (A.10)

We still have two unknown variables in the previous equation, a and 6,
so we need another equation to find both. To do so, we use V' (A.5) and
I (A.2) as follows:

(A.S) V  2aja,-sin(6) 2apa,-sin(é) Sj-sin(2y)
-y — = = =
(A.2) I S a% + a% Sy

and, again from (A.9)

2/{ tan(a) -sin() _ 5¢'-sin(2)

G+ tan*(@) 56

Finally, by using the sine of the double-angle, we get our second equa-
tion

(A.9) — a, = a; - tan(a) —

tan(2a) - sin(6) = sin(2y) (A11)

Next, we do a variable change to simplify the writing:

n =tan(2¥)
m=sin(2y)



V. Mieites, J.A. Gutiérrez-Gutiérrez, A. Pardo et al.

Optics and Lasers in Engineering 175 (2024) 107985

Q/l € [-1,1] U/l € [-1,1] Vi€ [-1,1]
0 0 1.0
0.5

2000 2000

0.0
4000 —03

-1.0 ——1 —

0 2500 -1.6-0.50.0 0.5 1.0
ow € [-n/2, +n/2] sin(2V) o A = Q/cos(2V¥) 0 B = U/sin(2V)
2000 2000 2000 2000 2000
4000 4000 4000 4000 4000
0 2500 0 2500 0 2500 0 2500 0 2500
x=1/2-cosY(A) x=1/2-cos"}B) X =1/2-sin"}(V/)

0 € [0, n/4] € [0, n/4] € [-n/4, n/4]
0.785
0.393
0.000
—-0.393
—-0.785

2500 2500 -1.6-0.50.0 0.5 1.0

Fig. A.13. ¥ and y calculation from (Q, U, V) through equations (A.6), (A.7) and (A.5). Darker colors represent lower values, while lighter colors represent higher

values.
so that the equation system to solve becomes:
tan(2¥) = tan(2a) - cos(d) n=tan(2a) - cos(d)
—
sin(2 y) = sin(2a) - sin(6) m = sin(2a) - sin(6)
We divide m by n

m_ M = cos(2a) - tan(6) — cos(2a) = m_1
n  tan(2a) - cos(d) n tan(6)

and find sin(2a) from m (A.12)

sin(2a) =m SnG)

so that we can apply sin’(2a) + cos?(2a) = 1:

sin®(a) + cos?(2a) = 1
() + (5t5)
. + =1
sin(6) tan(6)
m 2 + m cos(6) 2 -1
sin(5) nsin(8) )
2 2 2
m m COS(&) _
<sin(6)> * <sin(6)) =z !

2
m N\ Lo =
(sin(6)> [1 + " cos (6)] 1

1+L cos?(8) = L sin’(8)
n? m2

1+L cos?(8) — L sin?(8) =0
n? m2

n?m? + m? - cos?(8) — n® - sin?(§) = 0

2 2 2 2
2.2 M m 2i5 —2i6 n n 2i8 —2i§
+— + = + - =+ + =0
n°m 2 ) (e e ) 5+ (e e )
2 2 2., .2 ) )
(A.12) W2m + In? 3 % N (m In ) (2 4 &) =0

2n°m® + (m2 - n2) + (m2 + n2) . % (em +e’2"5) =0
which, going back to regular cos(x) notation, is

2n*m? + (m2 - n2) + (m2 + nz) cos(26) =0

2_ 2 9,2,2
cos(25) = T = 2nTm”
m2 + n2
Finally, we have our equation for 6
1?2 —m? = 2n?m? +r
6= 5 COoS <W (S [0, 7 (A13)
that we can substitute with ¥ or y in either of the two (A.12) equations
to find « as
in(2 tan(2
a= 1 sin~! SH.I( X = ltan_l tan(2y) c ﬂ, ﬂ] (A.14)
2 sin(6) 2 cos(6) 4 2

Again, as happened with y, we can only find a fraction of the full pos-
sible values of @ and 6 by only using Q and U, since we are not using
the full polarimetric information.

A.3. Ellipse axial length and rectangle sides length

Since we have every angle and three of the four stokes parameters,
we can find the length of the ellipse’s axis (a, b) and the rectangle’s sides
(a;,a,). By taking into account the value of I (A.2), we can find (a, b)

From here, we switch to Euler’s notation of cos(x) = # and from the definition of ¥ (A.8):
sin(x) = e’x;fﬂx , therefore the previous derivations continue out as fol- (A8)— a-tan(y)=b
lows: A2
a- tan2(;() “ I? - &
. . 2 . . 2
2 9 2 615 + 6715 2 eus _ e—us
nm +m | ——— | - ——— ) =0 . tan?
( 2 2i -1 p_ I (A.15)
R 5 1 +tanZ(y) 1+ tan%(y)
’m? + mT (62"‘s +e7 204 2e0) - nz (62"'S +e7 20 2e0) =0 and, analogously, for (a;,a,) from the definition of a (A.9):

10
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Fig. A.14. Polarimetric parameters calculation using Q and U through equa-
tions (A.6), (A.7), (A.14), (A.13), (A.15) and (A.16). Darker colors represent

lower values, while lighter colors represent higher values.
(A9) — a; - tan(a) = a,

(A2)
af~tan2(a) = Iz—a%

I I -tan’(a
o= 2= 2( ) (A.16)
1 + tan* (@) 1 + tan*(@)
A.4. Examples

Using O, U and V' We calculated every polarimetric parameter based
on the normalized versions of Q, U and V. First, we graphed 6, ﬁ, 7, v
as obtained through equation (A.6), and y calculated through equations
(A.7) and (A.5), as well as some intermediate steps. Results are shown
in Fig. A.13. For Q and U we applied the condition Q% + U? < I?,
while we used the full possible values of V' to calculate y. In Fig. A.13
is shown that we can find the full range of y only by using V', while
by using Q and U we are only able to see its projection in the (Q,U)
plane, as previously stated.

Using Q and U We simulated again ¥ and y, but also 6, a, (a;,a,)
and (a, b), but this time we used only the normalized versions of Q and

11
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U, as if they were measurements taken with the polarimetric camera.
Again, we only calculated the parameters where Q% + U? < I?. Results
are shown in the following figure.

In Fig. A.14 we see again the same behavior for ¥ and y as shown
in Fig. A.13. On the other hand, the values and obtained for (g, b) and
(a;,a,) are consistent with the condition established in equation (A.2).

Since for 6 we obtain values between [0,7/2] we would be able
to identify horizontal polarization (6 = 0), circular polarization (6 =
7 /2) and, generally speaking, left-handed polarized elliptical light (6 €
[0, z]). Nevertheless, since we are not using V/, talking about left- or
right-handed polarization would not be accurate given that both polar-
ization states can have the same values of Q,U. Therefore, we com-
pared PCam and PS-OCT measurements taking into account that we are
using only the projection of the actual polarization states.
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