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Photoelastic Analysis of Partially Occluded Objects
With an Integral-Imaging Polariscope
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Bahram Javidi, Fellow, IEEE

Abstract—Polariscopes are the basic instruments used for the
analysis of the stress state of transparent materials. Polarized
light passing through a 3D object carries the integrated effect
of the stress field along the light path. Therefore, conventional
polariscopes are not able to discern the stress state of objects
involving multiple plates with mutual occlusions. In this paper
we propose a novel experimental system for three-dimensional
stress analysis based on the combination of a polariscope and
Synthetic Aperture Integral Imaging technique. Experimental
results show the system’s ability to recover the information of the
stress distribution of a set of plates located at different depths
having mutual occlusions.

Index  Terms—Integral
polariscope.

imaging (Inl), photoelasticity,

I. INTRODUCTION

OLARISCOPES have demonstrated to be a powerful tool

for the analysis of the stress distribution in transparent ma-
terials, but when the object under analysis involves multiple
surfaces having mutual occlusions, polariscopes are not able
to separate the stress at different depths. The reason is that the
fringe pattern observed through the polariscope is the result of
the integrated effect of the different surfaces passing through.
In order to solve this problem, we propose a new system which
combines the principles of a conventional polariscope and Inte-
gral Imaging (Inl) technique. The validity of our proposal have
been verified with the experimental results obtained for the re-
construction of the stress state of a set of plane plates located
at different depths having mutual occlusions, as a simple proof
of concept. This experiment, however, shows the capability of
the proposed system to be applied to a wide variety of com-
plex 3D structures made of a photoelastic material, where the
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various parts of the structure are occluding each other, provided
that there are no total occlusions. We want to emphasize that the
system is not only able to measure the stresses of objects with
occlusions, it is also capable to determine the depth at which
a certain stress is located, allowing to create a 3D map of the
stresses of an object with complicated geometry.

Inl is a multi-view three-dimensional (3D) imaging technique
in which a 3D object can be recorded as a set of 2D images
captured from different perspectives. This can be done by using
a microlens array or a camera array. Inl was initially proposed
as a 3D imaging and display system [1]. Research conducted in
recent years has been addressed to improve the performance of
Inl [2]-[17]. Researchers have proposed many 3D applications
based on Inl [18]-[27], including polarimetric image sensing
[28], [29].

The polariscope is the basic instrument used in the photoe-
lastic experiment. Photoelastic analysis is widely used for prob-
lems in which stress or strain information is required for ex-
tended regions in a material. The method is based in the property
exhibited by some transparent isotropic solids, whereby they be-
come optically anisotropic, or birefringent, when subjected to
stress. Birefringence is proportional to the principal stress dif-
ference at any point on the sample. Therefore, when the sample
is placed between crossed polarizers, a fringe pattern reveals the
internal stresses. The fringes provide both a qualitative map of
stress pattern and a basis for quantitative calculations.

There are some approaches that attempt to relate the inte-
grated retardation pattern to the stress distribution along the
light path [30], [31]. Codes based on finite-element method and
finite-difference method yield the complete stress state [32].
These methods can be used in problems involving multiple
plates with mutual occlusions, but require supplementary infor-
mation about the boundary and initial conditions in the sample.
Sometimes is not possible to obtain this information and these
methods are not applicable. To overcome these problems we
propose here a new method for the stress analysis based on
the combination of a polariscope and the Synthetic Aperture
InI technique. The advantage of our method is that it does not
require any previous information about the stress distribution
in any of the plates. It takes benefit of the inherent capacity of
Inl to perform tomographical reconstructions of 3D scenes and
its natural ability for removing occluding objects.

The paper is organized as follows. In Section II we present
the basic theory that is behind the photoelastic analysis.
Section III describes the operation of a conventional polar-
iscope. Section IV analyzes the principles for the study of 3D
photoelasticity and gives the details of the Inl technique. In this
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Fig. 1. Linearly polarized light passing through a stressed material. The light
separates into two linearly polarized wavefronts traveling at different velocities,

each oriented parallel to one of the principal stress directions (81 and s2). The
optical path difference at the output is given by &.

section we also explain the set of modifications used to adapt
the capture setup of an Inl system to build a polariscope for the
analysis of partially occluded transparent objects. In Section V
we present the reconstruction results for a set of transparent
plates located at different depths having mutual occlusions.
These results are compared with those obtained by individ-
ually analyzing each plate with a conventional polariscope.
Finally, in Section VI the main achievements of this paper are
summarized.

II. 2D PHOTOELASTICITY

As mentioned in the introduction, photoelastic materials be-
have optically isotropic without stress, but become doubly re-
fractive, or birefringent, when subjected to stress. Let us con-
sider a plate of a photoelastic material whose thickness is small
in relation to dimensions in the plane, and the stresses are acting
parallel to the plane of the model (see Fig. 1). Under these con-
ditions the material is said to be under plane stress. In such case
it is possible to find a Cartesian coordinate system in which the
stress tensor has the form[33]

a1 0 0
oc=10 oo 0], (1)
0o 0 0

where o and o4 are the magnitudes of the principal stresses in
the point under consideration. When a linearly polarized light-
wave propagates through the stressed material with thickness ¢,
the lightwave is divided into two orthogonal components trav-
eling at different velocities, each linearly polarized and oriented
parallel to one of the principal stress directions s; and so. The
optical path difference between the two beams is given by

§=qt(n1 —n2). )
In this equation, n; and no are the refractive indexes expe-

rienced by each component along s1 and s» directions and ¢ is
the number of times that the light passes through the material.
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Fig. 2. Plane polariscope. The transmission axes of the linear polarizers are
usually crossed. Yellow lines indicate the amplitude and orientation of the elec-
tric field of the light waves before reaching each optical element and red lines
show the components of the electric field transmitted by each optical element.

The stress-optic law states that the relative change in the re-
fractive index is proportional to the difference between the prin-
cipal stresses on the material at the point in question. This law
can be written as:

(n1 —n2) =C(o1 — 09) 3)

where the constant C is called stress-optical coefficient and de-
fines a physical property of the material. Combining (2) and (3),
we obtain

)

ok 4)

(01— 03) =

Based on the above equation, it is possible to obtain the stress

difference at any point of the sample from the measurement of

the relative retardation if we know the stress-optical constant C'
of the material under study.

III. CONVENTIONAL POLARISCOPE

Polariscopes are the basic instruments used for the measure-
ment of the relative retardation in photoelastic experiments.
Besides other possible arrangements, polariscopes are generally
employed in one of two configurations: the plane polariscope
and the circular polariscope. Additionally, polariscopes can
work in transmission or reflection modes. For transmission
polariscopes, ¢ = 1 and for reflection polariscopes, ¢ = 2,
since in the reflection mode the light must pass twice through
photoelastic material.

The plane polariscope consists of a light source and two plates
of linear polarizers which usually are crossed. In Fig. 2, we can
see a schematic of a plane polariscope.

When the light emitted by a quasi-monochromatic and spa-
tially incoherent source passes through the first polarizer, all
components of the light wave are blocked, except those whose
direction of vibration coincides with the transmission axis of
the polarizer. The linearly polarized light reaches the stressed
sample and the electric field is resolved into two components
having planes of vibration parallel to the principal stresses.
These waves traverse the plate with different velocities and
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Fig. 3. Usual arrangement for the optical elements in a circular polariscope.

the two waves are no longer in phase when emerging from
the sample due to the relative retardation §. The analyzer will
transmit only the projection of the electrical field vector of these
two waves onto its principal axis. The resulting light intensity
will be a function of the retardation 4 and the angle between
the analyzer and principal strains (3 — «). The intensity of the
light emerging from the plane polariscope will be

I = Ep%sin?2 (8 — «) sin? (%6) %)
where E'p is the amplitude of the component of the electric field
transmitted by the first polarizer and A is the wavelength of the
light emitted by the source.

The circular polariscope, besides using two linear polarizers,
also uses two quarter-wave plates which in the common ar-
rangement are usually crossed (see Fig. 3).

In this case the intensity of the emerging light is given by

I = Ep?sin® (?) .

In a circular polariscope the intensity becomes zero when

Q)

6=NX VYN eN. )

A pattern of light and dark bands is formed at the output of
the circular polariscope. The fringe order is defined as the value
of N. Combining (4) and (7), the principal stress difference can
be obtained by

NA
qgtC

(01 —02) = ®)

Comparing (5) and (6), it is easy to see that in essence, the
plane polariscope yields the fringe pattern of the circular polar-
iscope, but the intensity of the fringes is modulated by the term
sin®2 (3 — «). At any point where the electric field of the inci-
dent linearly polarized light is parallel to either local principal
stress axis, the wave will pass through the sample unaffected, re-
gardless of wavelength. With crossed polarizers, that light will
be absorbed by the analyzer, yielding a black region known as

isoclinic band. In order to determine the principal-stress direc-
tions throughout the model, the polarizer and the analyzer can
be rotated simultaneously. Recording the isoclinic fringes for
successive angular positions, a map of the orientations of the
principal stresses can be obtained.

Since the delay strongly depends on the wavelength, under
white-light illumination, a set of colored fringes will be vis-
ible at the output of the analyzer. Thus, each wavelength dis-
plays its own fringe pattern and the result is a superposition of
patterns for all the wavelengths employed. The locus of points
on the sample for which (o1 — o2) is constant is known as
isochromatic fringes and each such region corresponds to a par-
ticular color. In the circular polariscope, only the area in which
g1 — g2 = 0 will appear dark, while in the plane polariscope,
the isoclinic pattern appear superimposed to the isochromatic
fringes. In practice, for qualitative measurements, the analysis
of the isochromatic fringes is performed by visual inspection of
the pattern. Color matching is employed, using a separate cali-
bration sample in which color is known as a function of V.

IV. 3D INI POLARISCOPE

The formalism presented in the previous section provides the
classical description for the analysis of the stress distribution
of 2D models. Some problems involve multiple plates located
at different depths and these plates may partially occlude each
other. When these scenes are analyzed with a conventional po-
lariscope, polarized light passing through the sample carries the
integrated effect of the stress field along the multiple plates
passing through. The model behaves like a simple retarder at
the point of interest. Hence, we consider a series of retarders
along the light path. Each retarder can be represented by the re-
tardation ¢ and the orientation of the retardation axis /3.

In a 2D problem, we only have one plane and it is easy to
obtain the retardation and the orientation for each point of the
sample from the observed fringe pattern with a conventional po-
lariscope. In a 3D model, the problem is complicated because
the orientation and the retardation changes as a function of the
plane. One to one correspondence between the fringes observed
and the state of a particular point along the light path cannot
be established. This problem can be solved by using finite-ele-
ment methods, but these methods are mathematically intensive
and supplementary information is required such as knowing the
boundary and initial conditions in the sample.

Inl technique, combined with the principles of a conventional
polariscope, provides a tool for removing partial occlusions and
reconstructs a map of the stresses of a set of plates located at
different depths. In the conventional Inl the scene is illuminated
with a spatially-incoherent light source, and the light reflected
or diffused in the surfaces of the different objects composing
the 3D scene is collected by a microlens array. An image sensor
is conjugated through the microlens array with a central plane
of the 3D scene, so that each microlens images a different per-
spective of the 3D scene onto the image sensor. The use of a
microlens array in the capture setup is useful when we want to
capture small scenes. If we need to capture large scenes, it is
better to use an array of cameras or equivalently the method
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Light ray

Fig.4. Polarized light ray passing through a set of three plane plates. Each plate
behaves like a simple retarder at the point of interest.
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Fig. 5. Inl pickup process with a microlens array. The 3D object is illuminated
with a spatially-incoherent light source and the light reflected or diffused by the
3D object is collected by each lenslet.

known as Synthetic Aperture Integral Imaging (SAII) [34]. In
this method, a digital camera is moved to different positions in
order to capture different perspectives of the 3D scene. The ad-
vantage of working with SAII is that all the parameters of the
capture setup can be modified at will, while by using a microlens
array, the period between elemental images, the focal length and
the numerical aperture are fixed.

Converting a SAII system into a 3D polariscope requires a se-
ries of modifications. In the pickup process, we employ the con-
figuration of the plane polariscope. In Fig. 6, we show a scheme
of the proposed system. The light emitted by an array of white
light sources is homogenized with a white acrylic diffuser. In
front of the diffuser, a linear polarizer selects only the compo-
nent of the electric field which is parallel to the transmission axis
of the polarizing filter. The light that passes through the stressed
sample reaches a second linear polarizer whose privileged axis
is crossed 90 deg with respect to the first polarizer. This analyzer
is mounted in front of the objective of the digital camera. The
camera is moved on a rectangular grid over a plane perpendic-
ular to the optical axis in order to capture different perspectives
of the light passing through the sample.

We start the analysis of a SAII polariscope with the sim-
plest possible situation. Let us consider a pair of transparent
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Transparent
stressed sample

Fig. 6. Scheme of the pickup process with a SAII polariscope.

plane plates under stress located at distances z; and zo from the
camera-lens plane. In the pickup stage, the camera is moved in a
rectangular grid with spacing A in the (x, y) plane. We assume
that the focal length of the camera lens is f and the distance
between the lens and the sensor plane is g. For the sake of sim-
plicity, the scheme and also the following equations have been
described in the (x, z) plane. The extension to 3D is straightfor-
ward.

In Fig. 7, the camera has been modeled by a flat lens and
an image sensor located at a distance g from it. According to
this model, the polarized light rays passing through the point
Py (xp,, 22), impact the sensor at

Lm = MZQ Tp + mTl—’l (9)

where M,, = —g/z2 is the lateral magnification between the
plate and the sensor plane and m is an integer related with the
position of the camera on the grid. The pickup period, Tp,, is
the distance between replicas in the plane where the camera is
moved and is given by

Tp, = <1+ i) A.

Z2

(10)

If the ray reaching the point z,, only traverses plate 2, the
intensity registered in the sensor contains the information of the
stress state for that point. However, if the ray also traverses plate
1, the sensor will register the integrated effect of the stresses of
the two points of intersection. Light rays passing through the
points P> and Ps carry the integrated effect of the stresses on
those points, together with the stress on point P;. When the
point P; is captured without occlusions, the intensities regis-
tered in the sensor for different positions of the camera are iden-
tical, while if such point is captured with occlusions, the inten-
sities are different from each other’s.

In the reconstruction stage, the back-projection technique
described in [19] is used to reconstruct the scene at different
depths. In this approach, each captured perspective is compu-
tationally back projected onto the reconstruction plane through
the center of its associated lens. The back-projected images are
summed up to obtain the reconstruction in such plane. After
this process, the intensity of non-occluded views is reinforced
while the intensities from the occluded views are smoothed by
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Fig. 7. 2D scheme of the pickup setup with a SAII polariscope. For simplicity

the scene is composed by only two transparent plane plates under stress.

averaging. Considering the entire 3D scene, if the number of el-
emental images is large enough, the result of the reconstruction

will be the original fringe pattern for the selected reconstruc-
tion plane added to a uniform background. Such background
may be a problem when it comes to identify the colors of the
fringes in the reconstructed image. This problem can be easily
solved by filtering the DC term of the Fourier transform of the
reconstructed image. This technique may have the drawback of
producing contrast reversal in the filtered image. None of the
results obtained in this work show this phenomenon, because
the average intensity of the image is very low due to the dark
areas surrounding the plates. In the case in which the average
intensity of the image was high enough, the contrast reversal
could occur and this method cannot be used. In that case, other
removal methods for partially occluded 3D objects can be

applied to this problem in order to enhance the reconstructed

image [35]-[38]. The objective of these methods is to identify

if the captured pixels belong to an occlusion or to the object of
interest. After pixel classification, only pixels which belong to
the object are used to reconstruct 3D images at each plane.

V. EXPERIMENTAL RESULTS

The validity of our proposal have been verified with the ex-
perimental results obtained for the reconstruction of the stress
state of a set of plane plates located at different depths having
mutual occlusions.

In the experiment we have implemented the system proposed
in Fig. 7. In Fig. 8 we show a picture of the SAII polariscope
used in the capture setup. The scene is composed by a protractor
and two French curves that are located approximately 330 mm,
380 mm and 440 mm from the camera lens. These drawing tools
are manufactured by injecting melted plastic into a mold and dif-
ferential cooling rates through the thickness of the mold produce
residual stresses in the final product. As we can see in Fig. 9,
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Fig. 8. Experimental setup for the proof-of-concept of the SAII polariscope.
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Fig. 9. Drawing tools used in the photoelastic experiment seen under natural
illumination.

drawing tools used in the experiment are transparent under nat-
ural illumination.

The camera is moved over a plane perpendicular to the optical
axis in order to capture different perspectives of the light that
passes through the samples. A set of 11x 11 elemental images
was captured by moving the camera in steps of 30 mm on a
square grid. Focal length was fixed to 10 mm and the f-number
was f# = 22, so that the depth of field of the camera was
large enough to capture the whole scene without blurring. The
effective camera sensor size is 22.2 x 14.8 mm and the resolution
of the elemental images is 2000 1333 pixels. Fig. 10 shows a
subset of views captured with the SAII polariscope.

In Fig. 11, we show the fringe patterns that we would see
with a conventional polariscope. Because of occlusions of the
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Fig. 10. Set of views corresponding to camera positions: (5, —5), (5,0), (5.5),
(0,-3),(0,0), (0,5), (=5, —5), (—5,0) and (—3,3).

Fig. 11. Set of drawing tools, having mutual occlusions, under the analysis of
a conventional 2D polariscope.

multiple objects, this capture does not allow us to relate the
stress state of the different drawing tools to the observed fringe
pattern.

For distinguishing the fringe patterns corresponding to the
plates located at different depths, we apply the reconstruction
algorithm described in Section IV to the captured views. To
have a reference of the real fringe patterns, we have captured the
fringe patterns revealed by each isolated object under a conven-
tional polariscope. The fringe patterns will be compared with
those obtained with the SAII Polariscope after applying the re-
construction algorithm for the depths where the drawing tools
were located.

The protractor was positioned slightly slanted with respect to
the plane perpendicular to the optical axis, so that in the recon-
struction stage, some parts appear defocused. This highlights
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Fig. 12. Fringe pattern captured with a conventional polariscope for the second
French curve without occlusions (left image). Reconstruction of the fringe pat-
tern generated by the second French curve captured with the SAII Polariscope
having occlusions (central image). Result of filtering the DC term of the recon-
structed image in the Fourier domain (right image).

Fig. 13. Reconstructions at two different depths of the fringe patterns cap-
tured with the SAII Polariscope for the protractor having occlusions (first row).
Same reconstructions after filtering the DC term in the Fourier domain (second
row). Fringe pattern captured with a conventional polariscope for the protractor
without occlusions (bottom).

the system’s ability to perform tomographic reconstructions at
different depths. In Fig. 13, we present two reconstructions at
different depths showing this effect. These reconstructions can
be compared with the result obtained by individually analyzing
the protractor under a conventional polariscope.

In Fig. 14, we show a comparison of the reconstruction for the
plane where the first French curve was located (central image)
and the same reconstruction after filtering the DC term in the
frequency domain (right image). In the left image we can see
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Fig. 14. Fringe pattern captured with a conventional polariscope for the first
French curve without occlusions (left image). Reconstruction of the fringe pat-
tern generated by the first French curve captured with the SAII Polariscope
having occlusions (central image). Result of filtering the DC term of the re-
constructed image in the Fourier domain (right image).

the fringe pattern obtained by individually analyzing this French
curve with a conventional polariscope.

VI. CONCLUSION

In this paper, we have presented a 3D imaging system ca-
pable of visualizing the stress state of a set of transparent plane
plates having mutual partial occlusions. We captured a set of
elemental images containing different perspectives of the fringe
patterns revealed by the stressed object after being inserted
between crossed polarizers. Tomographical reconstructions for
the depths where the different plates where located have been
performed. The filtering of the DC term of the reconstructed
image allowed us to remove the spurious rays in the reconstruc-
tions caused by the mutual occlusions. These reconstructions
are compared with the fringe patterns obtained by individually
analyzing each plate under a conventional 2D polariscope
showing a perfect matching. The proposed procedure permits
qualitatively identify the isochromatic regions and the isoclinic
bands associated with the magnitude and the orientation of the
stress within of each of the plates composing the scene. Note
that this would not have been possible with a conventional
2D polariscope. A very interesting application of the proposed
system is the realization of a 3D map of the stresses generated
within a complex structure, built on a photoelastic material,
when subjected to static loads. A conventional polariscope
would be unable to obtain this map due to the crosstalk and
occlusions between the different sections of the structure.
Note that the use of this kind of structures is very common
when trying to assess load distributions in large structures by
means of down-scaled models having exactly same geometry.
Differences between simulations and the real behavior of the
loaded structure may be found.
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