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Abstract. In the paper, we present the results of an
investigation of polymethylmetacrylate’s birefringence
induced due to applying high-load. The stress-induced
birefringence of the polymethylmetacrylate samples was
experimentally investigated by an apparatus combining
an in-house made plane polariscope with a machine for
fatigue testing of materials. A halogen lamp was used
as the source of white light. The polariscope’s basis was
formed by two sets of plane polarizers, one designed for
visible (470-750) nm and another one for near-infrared
(900-1800) nm spectral range, respectively. The inves-
tigated sample was placed between the polarizers and
light that passed through the polariscope was collected
by an optical fiber connected to an appropriate optical
spectral analyzer. The spectra of transmitted light were
measured as a function of load and their analysis pro-
vided information on the load-induced birefringence of
the investigated polymethylmetacrylate samples.

Keywords
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1. Introduction

Polymethylmetacrylate (PMMA) is a versatile plastic
material used for a wide range of applications in dif-
ferent fields. Due to its transparency and clear na-
ture, it is often used as a glass substitute, e.g. in con-
struction sector in roofing and waterproofing applica-
tions, for light pipes and light guides to spread light
in the room or as aircraft windows. Due to low cost,
volume production, considerable weight reduction and
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high refractive index and its high variation [I], it is
often used for production of lenses [I], [2] and [3], op-
tical fibers, waveguides and optical communication de-
vices [4], optical fibers with Bragg gratings [5], polymer
fiber lasers [0] and photonic structures for sensors and
display applications [7] and [8]. PMMA based optical
components are used in biomedicine thanks to its good
biocompatibility, though PMMA is not bioresorbable
and such materials are yet to be developed [9] and [10].

PMMA is known for its birefringence occurring due
to the process of fabrication [I1] or when mechanically
manipulated [I2]. In many cases, the birefringence is
undesired and has to be avoided during fabrication [13]
or minimized afterwards. However, if birefringence of
material is well defined, the specimen may become very
interesting for applications [I4]. We investigated the
influence of low loads on the strength of the observed
photoelastic birefringence of PMMA in Visible (VIS)
spectral range [15] and showed the potential of the
effect for sensor applications. Here, we present the
results of photoelastic birefringence investigation ex-
tended also to Near-Infrared (NIR) spectral range and
high loads up to 20 kN.

2.  Theory

When a monochromatic light wave enters a non-
absorbing birefringent medium, it splits into two eigen-
waves with mutually orthogonal linear polarizations.
The waves possess different refractive indices, i.e. they
propagate with different velocities within the medium.
After traveling a distance [ inside the medium, the
phase shift ¢ between the waves emerges. The phase
shift ¢ depends on the distance [, the waves’ wavelength
A and the difference between light waves’ refractive in-
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dices, i.e. the birefringence An according to:

2

At the end of the medium, the eigenwaves recombine,
and the polarization state of the wave emerging from
the medium is defined by the phase shift ¢ between the
eigenwaves. Thus, the polarization state of the wave
depends on the birefringence of the medium and can
be determined using a set of polarization-dependent
elements, such as quarter- and half-waveplates, nicol
prisms and/or other kinds of polarizers.

In practice, the birefringence of a material can be
simply analysed using two plane polarizers and an un-
polarized light source. Setting the plane polarizers
with mutually perpendicular planes of polarizations to
form a centred optical system illuminated by a proper
light source one gets an apparatus called plane polar-
iscope. When a birefringent medium is placed in be-
tween the polarizers and illuminated (Fig. , the in-
tensity I of light at the output of the polariscope can
be expressed [16]:

oo Q)]

where I is the intensity of light impinging the birefrin-
gent medium. According to Eq. and Eq. it is
clear that the intensity I will vary with wavelength A of
light, thickness [ and birefringence An of the medium.

(2)

for
a medium. Arrows drawn inside the polarizers show the
orientation of the planes of polarization. OSA - Optical
Spectrum Analyzer.

Fig. 1: Apparatus investigation of birefringence of

When a medium placed inside the polariscope shows
photoelastic properties its birefringence will vary with
force applied perpendicularly to the direction of light
propagation (Fig. [I]) due to stress-optic law:

An = Ang+ C - Ao. (3)
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In Eq. Ang represents the birefringence of the
medium without applied force, C is the so-called rel-
ative stress-optic coefficient, and Ao denotes the dif-
ference between principal stresses generated in plane
perpendicular to the direction of propagation of light
due to acting forces.

If a polychromatic source of light is used, for every
load applied, one will observe a unique spectral dis-
tribution of intensity of light behind the output plane
polarizer. Analysis of these spectra provides informa-
tion on the strength of the induced birefringence.

3. Experiment and Data
Evaluation

Investigation of the load-induced birefringence was per-
formed on commercially available plates of PMMA.
They were cut to form blocks with dimensions
(@ x b x ¢) equal (82.95 x 19.924 x 9.572) mm?3.
The samples were made of clear PMMA plates with
“c” planes being transparent. The thickness [ of the
samples was 9.572 mm. The dimensions along “b-" and
“c-” directions were measured with an error +0.005 mm
and the dimension along “a-” direction was measured
with an error equal to £0.05 mm.

The polariscope was built using a halogen lamp-
based white-light source SLS201/M (by Thorlabs)
and two sets of plane polarizers. The used sets of
VIS and NIR polarizers were designed for wavelength
range (470-750) nm and (900-1800) nm, respectively.
Light that passed through the polariscope was collected
by an optical fiber with 400 um core diameter and nu-
merical aperture equal 0.39. The fiber was connected
to optical spectral analyzer HR2000" (by Ocean Op-
tics) with resolution 0.5 nm for measurements in VIS
spectral region and to NIRQuest 512 (by Ocean Op-
tics) with resolution 4 nm when performing the mea-
surements in NIR spectral region.

In order to investigate the load-induced birefrin-
gence of PMMA samples, we combined the polar-
iscope with a machine for fatigue testing of materials
and/or components Vibrophore Amsler 150 HFP 5100
(Zwick/Roell). All measurements were done at room
temperature.

3.1. Estimation of Residual

Birefringence

PMMA belongs to a class of polymers that exhibit bire-
fringence due to the fabrication process and/or me-
chanical manipulation like cutting or forming (usu-
ally at temperatures higher than 20 degrees Celsius)
[11], [I4], [I7] and [18]. This kind of birefringence exists
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in the PMMA sample as a remnant after its process-
ing history, so it is often named as residual one. For
the purpose of further investigation, we will denote the
residual birefringence Ang (see Eq. (3)).

In order to find the residual birefringence, we put
a sample on a rotary stage placed in between the
crossed polarizers, rotated the sample in a vertical
plane from 0 degrees to 360 degrees with 5 degree steps
and recorded the spectrum observed at the output of
the polariscope for every angle of rotation. The proce-
dure was done twice: once when VIS and the second
when NIR polarizers were used. The recorded spectra
for angles from 0 degrees to 45 degrees with respect to
the initial position are plotted in Fig. [2|
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Fig. 2: Spectra of light transmitted through the polariscope
with inserted sample of PMMA for various angles of
rotation obtained in VIS and NIR spectral ranges.

The sets of spectra obtained in VIS and NIR spectral
ranges as a function of angle of rotation were normal-
ized and used for estimation of the residual birefrin-
gence. According to Eq. , for birefringent sample
with constant thickness [ and without load, the phase
shift ¢ will only depend on the wavelength A and the
residual birefringence Ang. The value of Ang as a func-
tion of wavelength was obtained by fitting the normal-
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ized intensity of light (from Eq. and using Eq. )
to the measured data expressed as a function of the
rotation angle [12].

For illustration, in Fig. [3] there is shown the result
of the fitting procedure performed for data measured
at wavelength 532 nm. Due to rather low residual
birefringence of the investigated PMMA samples, the
magnitudes of the measured spectra were also rather
low, so the influence of the noise was not negligible.
This is reflected in some variation of the measured data
(see Fig. . Nevertheless, the fitting process runs suc-
cessfully (see Fig. [3)), and the best fit gave the value
of Ang being —1.99 - 1075 for wavelength 532 nm.
The value of Ang < 0 was accepted as it is known that
the birefringence of PMMA is negative [14] and [I7].
Applying the fitting procedure on every measured spec-
trum in VIS and NIR spectral ranges, we obtained the
wavelength dependence of the residual birefringence
Ang of the investigated PMMA sample.
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Fig. 3: Measured and calculated normalized intensity as func-
tion of rotation angle for wavelength A = 532 nm.

In order to minimize the influence of the noise, the
obtained dependence was smoothed and the result is
shown in Fig. [l These smoothed dependences were
used for evaluation of measured data obtained when
performing an investigation of the effect of the load on
PMMA’s birefringence.
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Fig. 4: Estimated wavelength dependence of the residual bire-
fringence Ang of the investigated PMMA sample.
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3.2. Load-Induced Birefringence

In order to investigate the influence of the external
forces on the birefringence of PMMA samples, we in-
tegrated the polariscope with a machine for fatigue
testing of materials Vibrophore Amsler 150 HFP 5100.
First, the increasing load was applied to a test sample
as illustrated in Fig. [1/in order to estimate the range
of loads for which the PMMA exhibits elastic defor-
mation. The force was gradually applied on the upper
side of the sample, and the displacement of the Vi-
brophore’s loading head from its initial position was
measured at the same time. The displacement was
measured using a gauge Imeko EDK 93 with accuracy
0.01 pm and a total travel distance of the probe be-
ing 1 mm.
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Fig. 5: Normalized intensities of light at the output of the polar-
iscope for selected wavelengths in VIS and NIR spectral
ranges as function of the applied load.
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According to our previous measurements done on
smaller samples [15], we estimated the upper limit for
actually used bigger samples to be about 20,000 N.
After reaching 20,100 N the sample was gradually un-
loaded while the displacement of the loading head was
still measured. During the whole test, the sample was
placed in the polariscope and spectrum at the output
was recorded in order to control the physical contact
between the sample and the loading head. The mea-
surement of the loading head’s displacement showed
that the dimension of the sample did not change after
its unloading. This was also proved by comparing those
spectra recorded before and after the sample’s loading
as there was not observed any difference between them.
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Fig. 6: Normalized intensity of light at the output of the polar-
iscope for selected wavelengths in VIS and NIR spectral
ranges as function of the applied load fitted by normal-

ized intensity calculated according to Eq. .
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Fig. 7: Total birefringence as function of the load plotted for wavelengths 488 nm, 729 nm, 1082 nm and 1616 nm.

After experimental determination of the range of
loads causing the elastic deformation, we repeated de-
forming the samples in order to examine the load-
induced birefringence. The curves plotted in Fig. [5|rep-
resent the normalized intensities of transmitted light of
selected wavelengths in VIS and NIR spectral regions
as a function of the load.

The dependences plotted in Fig. clearly show
the effect of the applied load on the birefringence of
PMMA. The load-induced birefringence can be quan-
tified using Eq. , Eq. and Eq. and measured
dependences. Putting Eq. into Eq. and its sub-
sequent substitution in Eq. leads to an expression
for the intensity of light observed behind the polar-
iscope as a function of the applied load:

e a5 (e DY

F
In Eq. , the ratio g expresses the difference be-
tween principal stresses Ao from Eq. , where F' is
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the applied load and S is the area of the loaded side of
the sample.

Equation now represents a model which can be
used for fitting the measured data, thus providing the
dependence of the birefringence of the PMMA sample
on the applied load. The result of the fitting process for
selected wavelengths in VIS and NIR spectral ranges
is shown in Fig. @ In Eq. , we used values of the
obtained residual birefringence Ang while values of the
coefficient C' were subject to fitting. However, the best
match between measured and calculated dependences
was achieved by fitting not only the coefficient C but
also the residual birefringence Anyg.

The comparison between values of residual birefrin-
gence Ang obtained by independent measurement per-
formed in a way mentioned in Sec.[ 3.1. | and those
obtained due to the fitting of the measured data by the
dependence expressed by Eq. showed some differ-
ences. Nevertheless, both sets of the obtained depen-
dences Anyg fall within the same order of magnitude.
The slight discrepancy can be attributed to noise ob-
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served in the measured spectra (see Fig.[2)) and subse-
quent smoothing of the data representing the estimated
residual birefringence (see Fig. [4)).

The result of fitting the normalized intensity of light
derived from Eq. to the normalized intensity of light
measured as a function of the load is the dependence of
birefringence on the load An(F'). The dependence can
be compared with that obtained from the measured
and normalized data. The total birefringence (resid-
ual and load-induced) as a function of the load is for
selected wavelengths plotted in Fig.

For illustration, data for wavelengths at the begin-
ning and the end of the investigated VIS and NIR spec-
tral ranges were chosen for plotting. Figure [7] shows
a very good match between birefringence calculated
from the measured normalized data and those calcu-
lated from the function An(F') obtained by the fitting.

It is clear that the load-induced birefringence of
PMMA follows the linear stress optic law also for rather
high loads up to 20 kN. This property of PMMA is
promising and can be used for the construction of var-
ious kinds of load sensors.

4. Conclusion

We investigated the birefringence of PMMA samples
due to applied load. For the investigation, we used
plane polariscope employing two independent sets of
plane polarizers, one designed for VIS and the other
one for NIR spectral regions. The polariscope was inte-
grated with the machine for fatigue testing of materials
Vibrophore Amsler 150 HFP 5100 (Zwick/Roell) used
for deformation of the PMMA samples. The depen-
dences of the spectral distribution of intensity of light
on the load applied to the samples of PMMA placed in
the plane polariscope measured at the output of the po-
lariscope were used for determination of load-induced
birefringence. It was shown that the load-induced bire-
fringence of PMMA follows the linear stress optic law
also for rather high loads up to 20 kN. This linear de-
pendence of the birefringence on the load allows using
PMMA for construction of physical elements of various
kinds of load sensors such as a sensor of weight, force
or normal pressure.
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