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Abstract Stress analysis, a fundamental aspect of engi-
neering and design, is critically dependent on experimental
methods, with photoelasticity being a key technique.
Despite its effectiveness, photoelasticity is often limited by
subjective human interpretation, leading to variable stress
measurement results. To address this, we have concen-
trated on the practical applications of this method,
employing a circular disc analyzed under various com-
pressive loads. Our research introduces a novel algorithm
specifically developed for processing photoelastic images.
This algorithm enhances the clarity of thinned fringes,
enabling more precise measurement of the principal stress
differences. Our findings indicate that the digitally pro-
cessed photoelastic images align closely with analytical
solutions, suggesting a more reliable and consistent
approach to stress analysis. This advancement mitigates the
subjectivity inherent in traditional photoelastic methods,
thus improving the accuracy of stress measurement. The
implications of this study are significant for the broader
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field of engineering. The developed methodology can be
applied to diverse scales of instruments and facilities,
offering a versatile tool for identifying stress patterns.
Overall, our work also improves the accuracy of such a tool
and technique, making it more useful for failure analysis
scenarios understanding.

Keywords Photoelasticity - Photoelastic stress analysis -
Fringe thinning - Fractional fringe order

Introduction

Stress analysis is essential that is kept under careful
observation while designing any machine component and
experimental techniques developed over the years have
made it handy to perform stress analysis [1]. One of the
effective techniques is stress analysis using photo-elastic-
ity. Photoelasticity refers to alterations in the optical
characteristics of a substance when subjected to mechani-
cal strain [2]. It is an inherent quality found in all dielectric
materials and is commonly employed to analyze and
ascertain the distribution of stress within a material. Pho-
toelasticity has also proven its effectiveness and easiness of
implementation in highly complex industrial cases where
quasi practical measurements were the only way to calcu-
late tri-axial stress states. Due to this, photoelasticity is also
a useful tool and techniques for failure analysis purposes
[3].

The experiments in photoelastic which is sometimes
called simply, photoelasticity are often used to find out
stress at crucial points in any given specimen. The use of
photoelasticity also extends to examine concentration of
stress in non-uniform geometries [4].
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Photoelasticity is also very important when it comes to
analyze the localized stress state. In some of the compli-
cated problems such as pressure vessels, numerical
methods of stress may fail to provide accurate results.
Photoelastic stress analysis when coupled with enhanced
quality of photography often gives the accurate and
effective results [5].

Manual method of evaluating the distribution of stress
has been used since decades. All these methods exhibit
some drawbacks such as less accuracy, manual calculations
and dependency on human judgment. Fringe order at a
point is used to examine the principal stress difference. The
thickness of fringe sometimes acts as a hindrance in eval-
uation the exact value of fringe order at a point and this
leads to variation in results.

In this work we have made a circular disc using Araldite
CY-230 and Hardener HY-951, the disc is observed under
a circular polariscope with the load being diametrically
compressive. The photoelastic images of circular disc are
captured. We have created an algorithm that can precisely
perform fringe sharpening. By this we can accurately
obtain the value of fringe order and utilize it to calculate
principal stress difference at a point.

The field of digital photoelasticity has seen significant
advancements in data collection, largely influenced by the
contributions of various researchers. Ramesh and col-
leagues have played a crucial role in the automation of data
acquisition, underscoring the necessity of high-quality
image capture for effective analysis. Their exploration of
future research directions in digital photoelasticity has laid
groundwork for continued advancements in this area [6].

The work of Patterson et al. has been notable in illus-
trating the enhanced capabilities of photoelasticity through
digital technology integration. They provide a detailed
theoretical framework for digital fringe processing, offer-
ing insights into both the methodology and the practical
applications of these emerging technologies in a range of
optical devices, from conventional to modern [1].

Ramji and team’s research has significantly contributed
to the field of stress separation. Their study emphasizes the
independent analysis of major and normal stresses, rec-
ommending a data smoothing approach, particularly for
isoclinic patterns. This method has shown effectiveness in
improving the accuracy of the shear difference technique in
stress analysis of interconnected objects, thereby facilitat-
ing more refined stress separation [7].

Earlier contributions in the field of manual photoelas-
ticity and digital photoelasticity have helped us in
developing this algorithm. Their work in this field has
acted as a guiding light for us in developing this algorithm.

Experimental Setup

The main procedure of photoelastic experiment depends on
the birefringence property of the material which is intrin-
sically present in certain transparent material. The
phenomenon where two refractive indices is experiences
by any ray of light after passing through a given material is
referred to as birefringence. Such phenomenon of the
birefringes (or double refraction) is often found in many
optical crystals. It is observed that when a stress is applied
on photoelastic material then, it shows the property of
birefringence. It was also found that the state of stress
shows direct influence on the magnitude of the refractive
indices at that particular point. The measurement and other
details regarding maximum shear stress and from where the
orientation is applied, is very well analyzed by under-
standing birefringence by the use of polariscope [8].

The electromagnetic component of the ray of light is
resolved into two principal stress directions. It is seen that
both components experiences different refractive indices.
This phenomenon takes place due to the property of bire-
fringence. This difference or the possession of two
refractive indices in a material leads to phase retardation or
relative delay due to which fringes are formed. In a thin
isotropic material specimen, two-dimensional photoelas-
ticity is feasible, the measurement of its magnitude of
relative is often computed by stress-optic law [8].

2nt
A :TTCC(Gl - 02)

(Eq 1)

where C is the stress-optic coefficient, ¢; & o, are the
first and second principal stresses (in N/mm?), / is the
vacuum wavelength (in mm), A is the induced retardation
i.e., relative angular phase shift, t is the specimen thickness
(in mm), respectively. The retardation changes the
polarization of transmitted light. The transmitted light is
now changed, because its polarization is altered by the
phased retardation. The role of polariscope is to combine
different states of polarization before and after passing
through the specimen. When such an event takes place the
interference of the two waves produces fringe pattern. And,
the number of such fringe order N is expressed as which is
formed mainly due to the influence of phased or relative
retardation. There is a pattern developed by the fringes
which is crucial in estimating the stress at any specific
points in the given material [8]:

A

T 2n

(Eq 2)

Stress analysis is also possible in the material that does
not completely exhibits photoelastic behavior. The
methodology is to build the model by the use of material
that shows photoelastic properties which has a similar
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geometry with respect to the real structure. The rest process
like the loading is applied in similar fashion. The result will
give most appropriate estimation for stress analysis in the
real structure.

In this work, we have used a model made by using
epoxy resin, Araldite CY 230 and Hardener HY 951. The
ratio of resin and hardener is 10:1. A circular disc is pre-
pared by using this mixture. Radius of the disc is 24.65 mm
and thickness is 11.4 mm. The cener of the disc is marked
and a point a distance of 10 mm is marked [9].

The stress analyzes in the three-dimension and two-di-
mension systems are effectively possible by the use of
photoelasticity. The complexities occur in the three-di-
mensional systems are more when compared to the two-
dimensional systems. Therefore, this section deals only
with the photoelasticity in a plane stress system. When the
thickness of the object being studied is significantly smaller
than its dimensions in the plane, then stress that acts par-
allel to the model’s plane is taken into consideration while
the other stress components are considered as negligible.
The set up for the experimentation may vary as per the
specific experiment but mostly the two fundamental types
are; the plane polariscope and the circular polariscope [10].

The main principle that works in the case of two-di-
mensional experiments allows examination of retardation,
difference between first and second principal stress and
also their orientation. The value of each component of
stress can also be taken out by another method called stress
separation. The individual stress components can also be
found out by additional information provided by ample
theoretical and experimental methods [11].

Two quarter-wave plates can be further added in the
setup of the plane polariscope which will then form the
setup of the circular polariscope. First quarter wave plate
can be placed between specimen and polarizer then we can
place the second quarter wave plate between specimen and
the analyzer. The effect of this setup is wit the source side
polarizer gives us the circularly polarized light through the

o

n/4

Polariser

1/4 Wave
plate

Specimen

Retardation

1/4 Wave
plate Analyser

specimen. Then the light moves ahead and its interaction
with the quarter wave plate converts the circular polarized
state back to linear state before the passing of light through
the analyzer [12].

The circular polariscope is mostly preferred over the
plane polariscope because it gives only the isochromatics
and the isoclinics are eliminated. This enhances efficiency
and the removes the problem of differentiation [13].

Fig. 2 Image collection in circular polariscope

Camera

Fig. 1 Schematic diagram depicting arrangements in circular polariscope
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Digital Photoelasticity

The two-dimensional picture is processed in a computer
using the digital image processing (DIP) technique. An
array of real numbers that are represented by a finite

Image acquisition from polariscope

Image adjustment in required shape
Import the image to MATLAB &
convert to grayscale

Slice the image to‘'n’equal parts &
adjust the threshold in each part

Binary mask created & identification
of edge
White and black region
indentification
Middle point in black stripes
identified and marked as a white spot

White line created by connecting
white spots

Fig. 3 Algorithm used for image thinning

Fig. 4 Input image and output
image in MATLAB

number of bits is called as a digital image. The method
starts when a regular photograph or a slide is digitalised.
This photograph is then stored in the Matrix of binary
digits in the memory of the computer. This image can now
be processed and worked upon and even displayed on high
resolution monitor. Image processing has evolved from the
processing from big computers such as PDP 11 system
from the newly plug-in card system which can transform
personal computer into highly advanced image processing
station. These cards are also referred to as, *frame grabber’
which are present in market in various types such as
monochrome or color frame grabbers. In the recent times,
digital image processing is widely used in various tech-
niques like, remote sensing via satellites, fringe pattern
analysis in photomechanics, medical image processing,
automated inspection of machine parts, robotics etc. [14].

Image Processing Using MATLAB

The analogy of Zebra black and white stripes was used to
create this algorithm where we have to find out central
location of each black stripe.

The provided MATLAB script is used to process an
image and generate a thinned image with curved stripes.
The script follows a series of steps to achieve the final
result. Before the implantation of MATLAB script, the raw
image needs to be cropped in accordance with the shape of
the object, in our case it was circular disc, so the image was
cropped circularly to remove extra noise from the image
[15].

The cropped image was imported to the MATLAB and
converted to gray scale image. While taking the image, the
intensity of light is uneven in the captured image to correct
that image is sliced into n equal parts. In each part, color
threshold was evaluated using ‘colorthresholder’ app. This
threshold will be used to create binary mask in the
imported image. The threshold values of each slice are
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Fig. 5 Methods to determine principal stress difference
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Fig. 9 Principal stress difference vs. fringe order

adjusted to obtain a sharp fringe skeleton. In the next stage,
image edge was identified and stored using ‘edge’ function.
Later the image edge is smoothened, and then white space
was located in between the black stripes. Row wise black

Fig. 7 Circular disc under diametral compressive loading
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o
1

Error Ratio (Manual/Digital photoelasticity)

0 05 1 15 2 25 3 35 4 45 5
Fringe Order (N)

Fig. 10 Deviation bars for manual and digital photoelasticity

Table 1 Principal stress difference using analytical method

S. Py (in P, (in P3(in Py, (in
no. N kg) kg) kg) kg)

Pavg. (ln (Ul_ (0-1_

Newton) 02)ave 02)sp

1 05 166 163 135 15.467 151.728 0.4233 0.0468
2 1 39 36.7 33 36.233  355.449 0.9917 0.0828
3 1.5 533 517 478 50.933  499.656 1.3940 0.0774
4 2 748 751 69.7 73.200  718.092 2.0034 0.0831
5 250914 88 912  90.200 884.862 2.4687 0.0522
6 3 1065 109.8 1053 107.200 1051.632 2.9339 0.0638
7 35 1274 128.1 120.8 125433 1230.501 3.4329 0.1102
8 4 140 141 140.8 140.600 1379.286 3.8480 0.0145
9 45 156.6 161.2 1554 157.733 1547.364 4.3170 0.0838
10 5 173 176  173.2 174.067 1707.594 4.7640 0.0459

Table 2 Principal stress difference, through manual photoelasticity

(MP)

S. no. N (01=02)ave
1 0.5 0.5377
2 1 1.0754
3 1.5 1.6132
4 2 2.1509
5 2.5 2.6886
6 3 3.2263
7 3.5 3.7640
8 4 4.3018
9 4.5 4.8395
10 5 5.3772

stripes are located and then within the same row midpoint
of the black stripes have been located. Index of these
midpoints was noted and later replaced with white spaces.
Using these white spots, a line was created and then later

smoothened. At the end all the sliced image is again added
to give a single image. This is how fringe thinning algo-
rithm is processed in the MATLAB [16].

Calculations Involved in Analytical, Manual and Digital
Methods

The value of principal stress difference can be determined
by using three methods namely analytical, manual pho-
toelasticity and digital photoelasticity.

Analytical Solution

The calculation work is carried out by using closed form
solution for circular disc under diametral compressive load.
These analytical results are compared with the results
obtained by Manual and Digital methods of photoelasticity.
Equation used to calculate principal stress difference
(61 — 03) at a given point in a circular disc [13]:
2 2.2

Gl—GZzﬂX R - j—y)
Tt (x24y2 + R?)T — 4y2R?

(Eq 3)

where P, Load (in N); R, Radius (in mm); ¢, Thickness (in
mm); x, Horizontal distance measured from cener of the
disc (in mm); y, Vertical distance measured from cener of
the disc (in mm)

In this case, y = 0;

The equation becomes;

4PR R?*— X2

cl-c2=—x——— (Eq 4)
it (x2+R2)2
R = 24.65 mm
x =10 mm
t=11.4 mm

The results are obtained for fringe orders from 0.5 to 5.
Three observations have been noted for each fringe order
and standard deviation is obtained accordingly (Figs. 1, 2,
3,4, 5, and 6).

Here, Py, P, & P3 are the three observations and P, is
the average load (in kg).

Experimental Results—Using Manual Photoelasticity

In experimental calculations it is necessary to determine
the value of Material Fringe Constant (f).The value of f,
is determined by using the relation [8]:
8 P
=—%— Eq 5
o= a*N (Eq 5)
To determine the value of P/N, observations are noted
for loads corresponding to fringe orders 1, 2 & 3 and a

@ Springer
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Table 3 Principal stress difference, through proposed algorithm of fringe sharpening

S. no. N, N, (01=02)avg- (61-02)sp Input image from experiment and output image from proposed algorithm
1 0.463  0.485 0.4886 0.0385

2 0974  0.767 0.9575 0.1173

3 1.459 1.4 1.5182 0.0459

4 1.943 1.95 2.0630 0.0526

5 2407 2332 2.5678 0.0526

@ Springer
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Table 3 continued

S. no. N, N, N; (01=02)avg- (61—02)sp Input image from experiment and output image from proposed algorithm
6 2826  2.88 2.801 3.0496 0.0434
7 3.255 3402 3344 3.5852 0.0796
8 353 3739 37 3.9343 0.1158
9 4.162 4303 4.134 4.5165 0.0974
10 4.5 4619 483 5.0004 0.1797

curve is plotted (shown in Fig. 7) between P and N. The

slope of this curve represents P/N.

The value of f, is found to be 12.26 N/mm-fringe. Now,
the value of Principal Stress Difference (o, — g3) is
determined by using the following equation [8]:

@ Springer
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N;
cl —o02= Vo

(Eq 6)
Experimental Results—Using Digital Photoelasticity

The images obtained from Manual Photoelasticity are now
used as input images in MATLAB code and the output
image is used to ascertain the values of fractional fringe
order at the point 10 mm from the cener of the disc. Three
observations are noted in order to reduce the deviation
(Figs. 8, 9 and 10).

Results and discussions

Digital Photoelasticity Pose Better Solutions
as Compared to Manual Photoelasticity

Previously, for calculating the principal stress difference,
manual method of photoelasticity was thought to be more

Table 4 Comparison between analytical solution, manual

photoelasticity solution and digital photoelasticity solution

S. (Jl_az)avg
no. N  Analytical

(01=02)avg Manual
Photoelasticity

(01=02)ave Digital
Photoelasticity

1 05 0.4233 0.5377 0.4886
2 1 0.9917 1.0754 0.9575
3 1.5 1.3940 1.6132 1.5182
4 2 2.0034 2.1509 2.0630
5 25 2.4687 2.6886 2.5678
6 3 2.9339 3.2263 3.0496
7 35 3.4329 3.7640 3.5852
8 4 3.8480 4.3018 3.9343
9 45 4.3170 4.8395 4.5165
10 5 4.7640 5.3772 5.0004

suitable (Tables 1, 2, 3, 4, 5). Then, with advancement in
technologies, several other methods were tested. We have
considered an algorithm for measuring the value of frac-
tional fringe order and we report that the value obtained
through digital method improves coherence with analytical
solution in regards with manual methodology.

Error in Digital Photoelasticity is Lower as Compared
to Manual Photoelasticity Method

The results obtained through manual and digital method
shows variation regards to those obtained by analytical
method. Variations are computed and a ratio of manual/
digital processing is expressed.

For lower fringe order, especially between 0 and 2, the
fringe thickness is more visible and hence the manual
fringe order counting results in higher deviation. Addi-
tionally, the analytical solution provides the result at a
point and with negligible dimensions, which is not feasible
in manual or in digital method. The percentage error for
Manual Photoelasticity and Digital Photoelasticity is cal-
culated considering Analytical Solution as base value. It is
observed that, variation in the values of Principal Stress
Difference (6; — 0,) is more in Manual method as com-
pared to that in Digital method. The minimum variation
ratio in Manual method as compared to that in Digital
method was found to be 1.75.

Conclusions

Determination of stresses at a point depends mainly on
fringe order counting. Manual counting of fringes results in
lack of accuracy. The above is an attempt to show the
effectiveness of use of digital photoelasticity, wherein the
results has a better accuracy level in comparison to manual

Table 5 Ratio of error between manual photoelasticity and digital photoelasticity

S. no. Analytical solution Manual photoelasticity Digital photoelasticity % Variation in MP % Variation in DP  Error ratio (MP/DP)
1 0.4233 0.5377 0.4886 27.0296 15.4275 1.7520
2 0.9917 1.0754 0.9575 8.4484 3.4447 2.4526
3 1.3940 1.6132 1.5182 15.7233 8.9085 1.7650
4 2.0034 2.1509 2.0630 7.3620 2.9780 24721
5 2.4687 2.6886 2.5678 8.9093 4.0157 2.2186
6 2.9339 3.2263 3.0496 9.9659 3.9422 2.5280
7 3.4329 3.7640 3.5852 9.6445 4.4337 2.1752
8 3.8480 4.3018 3.9343 11.7909 2.2420 5.2590
9 4.3170 4.8395 4.5165 12.1039 4.6220 2.6188
10 4.7640 5.3772 5.0004 12.8719 4.9634 2.5934
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photoelasticty. Also digital photoelasticity method seems
to be in higher accordance to the results obtained analyti-
cally. Use of proposed algorithm for image processing
technique shows better levels comparatively. The algo-
rithm can be further modified by choosing better threshold
value and by increasing the number of slices.

Data Availability The data that support the findings of this study
are available from the corresponding author, Dr. Shubhrata Nagpal,
upon reasonable request.
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