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The photoelastic dispersion coefficient represents the relationship between stress and the differences in refrac-
tive indices in a birefringent material. However, determining the coefficient using photoelasticity is challenging,
as it is difficult to determine the refractive indices within photoelastic samples that are under tension. Here we
present, for the first time, to our knowledge, the use of polarized digital holography to investigate the wavelength
dependence of the dispersion coefficient in a photoelastic material. A digital method is proposed to analyze and
correlate the differences in mean external stress with differences in mean phase. The results confirm the wavelength
dependence of the dispersion coefficient, with an accuracy improvement of 25% compared to other photoelasticity
methods. ©2023Optica PublishingGroup

https://doi.org/10.1364/JOSAA.482543

1. INTRODUCTION

The study of material properties can benefit from nondestruc-
tive techniques such as polarized digital holography (PDH) and
the use of photoelastic materials [1–3]. Photoelastic materials
exhibit temporary birefringence, and due to their transparency
and elasticity they are utilized in various fields such as industry,
for determining material properties, and dentistry for exam-
ining stress distributions caused by chewing [4–7]. PDH is
a branch of holography that records and reconstructs light
intensities and phases through interferometric techniques with
polarizers and digital methods based on the Huygens–Fresnel
diffraction theory [8–11].

Birefringence, also known as double refraction, was first
described in the 17th century, by Erasmus Bartholinus, and
later related to the stress and strain state of materials by David
Brewster [12–16]. Photoelasticity saw significant progress in
the 1950s and gained more sophistication with the advent of
optical instruments combining polarizers and wave plates in
the 1980s [17–20]. Many works with photoelasticity depend
heavily on analytical equations to calculate the stress plane and
the number of fringes of the sample under tension, which can
result in a straightforward calculation, but only if all the required
conditions and approximations are satisfied [6,7] Despite the
advantages of photoelasticity, its optical measurements of refrac-
tive indices, phase differences, and other parameters are not
obtained directly, resulting in a reliance on indirect and com-
parative statistical methods [3]. Holographic techniques, on
the other hand, have made significant strides in recent years, yet
not much research has been devoted to the quantitative analysis

of stress and deformation using holography. Nevertheless, the
dynamic nature of holography allows for more precise results,
since it is founded on direct optical properties, including inten-
sity, phase, refractive index, and others. This enables holography
to hold significant potential for more thorough and quantitative
analyses.

Holography is a branch of optics that involves the record-
ing and reconstruction of light intensities and phases as they
interact with materials [8–11]. The concept was first proposed
by Hungarian physicist Gabor in 1948 and gained greater
interest in the 1960s with the advent of the laser [21,22]. The
coherent light produced by the laser, combined with the off-axis
recording technique developed by Leith and Upatnieks in 1962,
resulted in an increase in the quality of holographic images and
motivated further research [23]. The significance of holography
in the scientific world was acknowledged in 1971 when Dennis
Gabor was awarded the Nobel Prize in Physics.

With the rise of computing power starting in the 1970s,
holography evolved into digital form, enabling faster processing
and greater accessibility [24,25]. Several methods now exist
for reconstructing digital holograms, primarily based on con-
volution and Fresnel theories [3,26,27]. Digital holography
(DH), utilizing non-destructive procedures, provides quan-
titative intensity and phase information of light transmitted
through photoelastic materials. DH, when combined with
appropriate statistical processing, produces highly accurate,
quantitative results [28]. Holographic techniques utilizing
polarizers for producing holograms of specific orientations and
digital reconstruction methods for determining mechanical
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material properties have been explored since 2000 and have
shown promising outcomes in recent years [29,30].

The photoelastic dispersion coefficient (DC) is a crucial,
wavelength-dependent parameter in photoelasticity studies that
characterizes the material [31]. Its determination, which was
first achieved through photoelasticity methods for photoelastic
materials in works by Iyengar [32], Dixon [33], Souza et al .
[34], Soares [35], Pawar [36], and Kuske [37], is crucial for
understanding the relationship between elasticity and optics.
The determination of DC through holography, however, has
not been recorded. The significance of this lies in the ability to
establish a direct relationship between the reconstructed phase
from the hologram and the stress state of a photoelastic sample.
This allows for the determination of stress differences through
phase differences at each internal point of the sample, leading to
the creation of a quantitative map of stress distribution due to
externally applied efforts. For instance, in the field of dentistry
where photoelastic materials are used to simulate masticatory
efforts, this approach would be highly innovative and yield more
quantifiable results.

The objective of this study is to assess the correlation between
the photoelastic DC and the wavelength of light in a photoelas-
tic material sample using a novel DH analysis approach that
is capable of increasing the overall accuracy [3]. The data were
obtained through a holographic method based on a modified
Mach–Zehnder interferometer [38–40], where linear polarizers
with orthogonally polarized states were incorporated before and
after the sample in the object wave path. The reference wave
path also incorporated a polarizer with the same polarization
state as the last polarizer of the object wave. The experiment
was conducted using two laser light sources, emitting at 632
and 543 nm. The validity of the technique was verified via cal-
ibration using a λ/4 wave plate that, depending upon a plate
rotation angle, altered the polarization state of the object wave.

2. THEORY

A. Object and Reference Wave Functions

When the laser-emitted non-polarized wave ( Eψ), with ampli-
tude EA and initial phase e iφ(0), passes through a 50:50 beam
splitter, it creates two separate waves, each with half the ampli-
tude of the incident light, called object ( EψOBJ) and reference
( EψREF), represented in Eq. (1):

EψOBJ(Er , t)= EψREF(Er , t)=
1

2
EAe iφ(0). (1)

A linear polarizer, with a horizontal polarization state (90o),
is placed in the path of the reference wave, as shown in Fig. 1.
Equation (2) describes the resultant reference wave function,
after the polarizer:

EψREF(Er , t)=
1

2
e iφ(0)

[
EA x̂ e iφref(x̂ )

0

]
e iφ(Ek,Er)

≡ EψREF(0)

[
e iφref(⊥)

0

]
, (2)

where EAx represents the wave amplitude in direction x , and
e iφ(Ek,Er ) represents the optical path difference between the object
and reference waves.

Two linear polarizers, orthogonal to each other, are placed
in the path of the object wave, as shown in Fig. 1. Between
the polarizers, a λ/4 wave plate is placed for calibration of the
configuration:

EψOBJ(||)(Er , t)=
1

2
e iφ(0)

[
0
EA ŷ e iφobj( ŷ )

]
e iφ(Ek,Er )

≡ EψOBJ(0)

[
0
e iφobj(||)

]
. (3)

The λ/4 wave plate, when rotated at an angle δ, produces a
change in the polarization state, and the object wave becomes

EψOBJ(δ)(Er , t)= EψOBJ(0)

[
e iφobj(⊥)

e iφobj(||)

]
. (4)

The second polarizer, in the path of the object wave, allows
the passing of the wave only x̂ in direction (orthogonal⊥):

EψOBJ(Er , t)= EψOBJ(⊥)(Er , t)= EψOBJ(0)

[
e iφobj(⊥)

0

]
. (5)

After the second 50:50 beam splitter, the final wave is the
result of the interference between object and reference waves,
both with a quarter amplitude of the original wave, as shown in
Fig. 1 and Eq. (6):

Eψ(Er , t)= Eψ ′OBJ(Er , t)+ Eψ ′REF(Er , t)⇒ Eψ(Er , t)

= Eψ(0)

[
e iφobj(⊥) + e iφref(⊥)

0

]
, (6)

where Eψ(0)=
−→
ψ ′OBJ(0)=

−→
ψ ′REF = (0)

1
4 e iφ(0)e iφ(Ek,Er ).

B. Calibration Equation

To perform the calibration of the holographic system it is nec-
essary to find the phase difference of the resulting reconstructed
wave,1φ, as a function of the rotation δ of the wave plate, such
that

1φ = f (δ). (7)

Normalizing the object functions, we have

EψOBJ(Er , t)= EψOBJ(0)

[
0

e iφobj(||)

]
=

1

2

[
0
1

]
, (8)

where EψOBJ(0)e
iφobj(||) =

1
2 . Using the Jones rotation

matrix [41],
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Fig. 1. Holographic setup composed of a Mach–Zehnder interferometer with orthogonal dichroic film polarizers.

EψOBJ(δ)(Er , t)=M(δ) EψOBJ(Er , t)= R(δ)M R (−δ)
1

2

[
0
1

]
⇒ EψOBJ(δ)(Er , t)=

1

2

[
sen(δ) cos(δ)(i − 1)
cos2(δ)+ i sen2(δ)

]

= EψOBJ(0)

[
e iφobj(⊥)

e iφobj(||)

]

=
1

2
e iφobj(||)

[
e i1φobj

1

]
,

(9)

where EψOBJ(0)= 1
2 e iφ(0)e iφ(Ek,Er )

=
1
2 , and 1φobj =

φobj(⊥) − φobj(||).
For e iφobj(||) = 1, the phase difference becomes

1φobj = arctg [−cos(2δ)] . (10)

C. Photoelastic Dispersion Coefficient

Figure 2 presents the stress in the case of a parallelepiped of
photoelastic material.

The optical information obtained from photoelasticity is
related to the difference between the stresses in the directions
along (σl ) and perpendicular (σt ) to the direction of the applied
load, as given by the stress-optic law [34–37]

Fig. 2. Model of a photoelastic sample in the form a parallelepiped.

nl − nt =
λ(1+ ν)

e E
(σl − σt)=

λ

fσ
(σl − σt)= { (σl − σt) ,

(11)
where fσ is the fringe number of the material, {(λ) is the optical
dispersion, and (nl − nt ) is the difference between the indices of
refraction in the directions longitudinal (nl ) and tranversal (nt )
to the effort. The phase difference is

1φ = φl − φt =
2π

λ
e (nl − nt), (12)

where e is the sample thickness. Therefore, from Eqs. (11)
and (12),

σl − σt =
λ

2πe{
(φl − φt). (13)

Similarly, in holography, a physical property of the material
is defined as a reference point. This property is quantified as
the fringe value obtained through holography [3] and can be
defined as

≡
eE

a(1+ ν)
, (14)

where ν is the Poisson’s ratio, and a is a dimensionless con-
stant that establishes the relationship between the holographic
modulus of elasticity (E) and mechanical modulus of elasticity
(E) of the material. Consequently, one can define the optical
DC in holography in the same way as done in Eq. (11) for
photoelasticity:

H≡
λ
≡

a(1+ ν)
eE

λ. (15)

Comparing the definition of {(λ), in Eq. (11) with the above
definedH(λ), we conclude that

= fσ →H(λ)= {(λ). (16)
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Therefore, the stress-optic law for holography can be
expressed as

σl − σt =
λ

2πeH
(φl − φt) . (17)

For consecutive external different efforts, one obtains

σl( j ) − σt( j ) =
λ

2πeH
[
φl( j ) − φt( j )

]
, (18a)

σl( j+1) − σt( j+1) =
λ

2πeH
[
φl( j+1) − φt( j+1)

]
. (18b)

Then, subtracting Eqs. (18b) and (18a),

1σl −1σt =
λ

2πeH
(1φl −1φt) , (19)

whereas 1σl ∼ 〈σ( j+1)〉 and 1φl ∼ 〈φ( j+1)〉 with paral-
lel polarization, and 1σt ∼ 〈σ( j )〉 and 1φt ∼ 〈φ( j )〉 with
perpendicular polarization. So, Eq. (19) can be rewritten as

〈1σexternal〉 =
λ

2πeH
〈1φ〉, (20)

where 〈1σexternal〉 = 〈σ( j+1)〉 − 〈σ( j )〉, and 〈1φ〉 = 〈φ( j+1)〉 −

〈φ( j )〉.
As tg(γ ) is the slope of Eq. (20),H(λ) can be expressed as

H(λ)=
λ

2π e tg(γ )
. (21)

3. METHODOLOGY

A. Holographic Configuration

The holographic technique was based on a Mach–Zehnder
interferometer [38–40] using, in part, a setup from previous
experiments [42–45]. Figure 1 shows this scheme.

In the first part of the experiment, a red He–Ne laser was used,
and in the second part, a green He–Ne laser. The laser emission
was modified to a plane wave by a spatial filter using a 10×
objective and a plane–concave lens. The interference pattern
is formed at the second non-polarizing beam splitter where the
two waves meet. This pattern was captured by a CMOS digital
camera.

To calibrate the holographic setup, a λ/4 achromatic wave
plate was used as a sample. The wave plate modified the polari-
zation state of the wave at each angle, δ. For each angle of the
wave plate, a hologram was registered that was stored for further
analysis. The procedure was performed for both wavelengths. It
is important to note that by using optical components suitable
for the wavelengths of 632 and 543 nm, we ensure a better result
and make it possible to reach a higher accuracy.

To determine the coefficient of photoelastic dispersion with
the aid of the load device in Fig. 3(B), load sequences were per-
formed on the photoelastic sample in Fig. 3(A). The procedure
was repeated M times for each applied mass to allow the use of
Gaussian distribution error propagation during the data analysis
[46,47].

Fig. 3. (A) Photoelastic sample with general dimensions of thick-
ness (T), width (W), and height (H). (B) Load device, to perform
compressions of the sample, consisting of a plate for load placement
(1), aluminum rod (2), and a triangular tip for the application of the
stress.

B. Photoelastic Sample and Load Device

The sample used was a parallelepiped of epoxy resin-based
photoelastic material in the solid phase. The main advantage of
using this material associated with the polymerization process is
the production of samples with excellent flexibilities and trans-
parencies, ideal for the study of optics: photoelasticity, speckle
and holography. The polymerization process allows samples to
exhibit large amounts of photoelastic fringes when subjected to
external stresses. All processes involving the sample preparation
are described in detail in the paper of Da Silva [48]. Figure 3(A)
presents the photo of the photoelastic sample utilized in our
setup.

Using a digital caliper, 10 measurements in each of 10 dif-
ferent directions were made, in each dimension, width (W),
height (H), and thickness (T), to justify the Gaussian statistical
distribution process used to obtain the final results through error
theory [46,47]. To perform the compressions on the sample, the
load device of Fig. 3(B) was used.

The load device is basically composed of a (1) load base, (2)
guiding rod, and (3) compression tip. The compressions were
performed as follows.

Up to 10 loads of mass in grams were on the device. For each
load, a short time interval1t was given until the sample reached
mechanical equilibrium.

For each load, a hologram of the interference pattern between
object wave and reference wave was recorded. A hologram was
also recorded with the unloaded sample to subtract the residual
stresses contained in the sample.

C. Holographic Method

The photoelastic DCs were computed by programs that plot-
ted the relationship between the mean efforts applied to the
photoelastic sample and the average phase differences due to
the induced stress. The phase images of the calibration and the
photoelastic DCs were generated through a program based on
the Fresnel method [3,27]. Custom algorithms were utilized to
process a large volume of data, enhancing the accuracy of the
results. The data were analyzed using Gaussian distributions and
error theory principles [46,47].

During the determination of the photoelastic DC, the mean
masses, the mean stress application areas in the samples that
include the region of the application tip in contact with the
upper surface of the sample, and their respective uncertainties
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were found. Mean stress calculations were made using the mass
means, local gravitational acceleration [49], and the mean appli-
cation areas of the stresses on the sample. The uncertainties were
determined by error propagations [46,47].

A hologram image and, after reconstruction, a phase map
image were created for each load applied to the photoelastic
sample. For each reconstructed image, an average of the pixel
values of the phase map was taken. This average value was then
used to calculate the phase difference between two different
loads on the sample. Therefore, using Eq. (20), the relationship
between the mean stresses and mean phases generated a set of
experimental values, which was adjusted with the least squares
method by a linear function. Finally, the photoelastic DCs were
calculated by Eq. (21).

4. RESULTS

The He–Ne laser data were: 632.8 nm with 30 mW output
power and 543.5 nm with 5 mW output power. The spatial filter
was composed of an objective lens of 10× magnification and
a pinhole with an aperture of 25 µm. The focal length of the
concave lens was 20 cm. The digital resolution of the camera was
1280× 1024 pixels (SXGA) with a total frame rate of 25 fps.

A. Calibration

In both setups, the wave plate was rotated from 0◦ to 360o,
in steps of 5o. Figures 4(A) and 4(B) present the graph of the
theoretical curve (–) and of the experimental values (+) of
the relation between the phase difference (in degrees) and the
rotation angle of the λ/4 wave plate for the red and green lasers,
respectively.

From the experimental values of the graphs in Figs. 4(A)
and 4(B), the following equations were obtained using the
least-squares method [46,47]:

1φobj(red)= arctg[−cos(2δ + 3)] + 0.0125, (22a)

1φobj(green)= arctg[−cos(2δ + 3)] + 0.0025. (22b)

The calibration factors of Eqs. (22a) and (22b) were consid-
ered when calculating the phase differences of the photoelastic
DCs, in both holographic setups. The calibration results

showed good agreement between the experimental values and
the adjusted theoretical curves, proving the reliability of the
holographic system.

B. Photoelastic Dispersion Coefficient

The standard uncertainty of the caliper used to measure the geo-
metric parameters of the photoelastic test sample was 0.01 mm.
A set of 10 measurements was made for each of the 10 different
directions randomly chosen for width, height, and thickness,
resulting in (31.76± 0.09) mm width, (30.14± 0.07) mm
height, and (4.85± 0.06) mm thickness.

Eleven different loads were placed over the photoelas-
tic sample. The procedure was repeated 10 times. The local
gravitational acceleration [49] in São Paulo, with a mean
latitude of 23o and a mean altitude of 760 m sea level, is
g = (9.79± 0.01)m/s2. The mean area result was obtained
from processing 100 values of length and width of the region of
action of the compressor tip in the sample. These results were
used in both experiments, with red and green lasers.

Figure 5 displays a photoelastic sample under tension in a lin-
ear polariscope and its respective hologram image. The isoclinic
fringes produced by the use of a linear polarizer, despite causing
problems in the photoelastic technique for the determinations
of the DC, can be dealt with by simply choosing a region of the
sample where the main contribution is the isochromatic fringes
[50].

As is well known, the isoclinic fringes generate dark images
that overshadow the isochromatic fringes, which are the sources
of information for determining the relationships of internal
deformation [50]. This is a main concern with photoelastic
techniques, requiring the addition of λ/4 wave plates to dimin-
ish the isoclinic fringes. For holography, however, one can
simply select the region of interest where the isoclinic fringes do
not contribute strongly to the final hologram, as shown in Fig. 5.

Figures 6(A) and 6(B) present graphs of the mean stress versus
relative mean phase for the experiment with the red and green
lasers, respectively. The values (+) represent the experimental
mean obtained, and the curve (−) represents the best fit, by error
theory [46,47].

The curves in Fig. 6(A) and Fig. 6(B) present slopes
of (0.604± 0.015) MPa and (0.705± 0.018) MPa for
wavelengths of 632.8 and 543.5 nm, respectively. The

Fig. 4. (A) Theoretical graph (−) and experimental values (+) of the phase difference versus the rotation angle of theλ/4 wave plate (red laser). (B)
Theoretical graph (−) and experimental values (+) of the phase difference versus the rotation angle of the λ/4 wave plate (green laser).
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Fig. 5. Photoelastic sample under tension in a linear polariscope. The image couples on the right and left represent applied loads of 100 g and
600 g, respectively. Images with borders outlined in red represent the hologram of the selected region of the photoelastic sample.

Fig. 6. (A) Adjusted best (−) and experimental values (+) mean stress versus relative mean phase for the experiment with the red laser. (B)
Theoretical graph (−) and experimental values (+) mean stress versus relative mean phase for the experiment with the green laser.

wavelength-dependent photoelastic dispersion was calculated
using Eq. (18).

The DCs obtained with the red and green lasers were
(3.44± 0.10) 10−12 m2/N and (2.53± 0.08) 10−12 m2/N,
respectively. Additional measurements were made with a photo-
elastic sample with, approximately, half the width of the sample
presented in Fig. 3(A), wielding a DC value of (2.74± 0.07)
10−12 m2/N for the red laser.

In comparison, the values obtained with photoelasticity
procedures presented in [3] for two samples of distinct concen-
trations, using red light, are (5.32± 0.22) 10−12 m2/N, and
(5.99± 0.21) 10−12 m2/N. Despite the differences in the sam-
ple dimensions and in the concentration of the epoxy resin, the
values of the DCs are comparable in terms of order of magnitude
with the ones obtained indirectly by photoelasticity procedures.

The DCs ascertained through holography exhibited average
uncertainties that were 44% lower than those reported in the
literature. This finding points to enhanced accuracy, as seen by
using the error theory treatment, primarily attributable to two
factors: the substantial quantity of data obtained during the
experiments, and the direct derivation of phase values from the
reconstructed phase maps.

5. CONCLUSIONS AND PERSPECTIVES

By utilizing the photoelastic DC and the presented experimen-
tal setup, it is feasible to expeditiously and directly ascertain the
internal stress values at every location of the photoelastic sample.
The phase differences gathered from the reconstructed phase
maps can then be compared to the theoretical values obtained
via finite element simulation. As a result, the method and tech-
nique presented in this work provide an effective approach to
determine the photoelastic DCs of photoelastic materials. It can
be presented as an alternative in science and technology fields,

offering the added benefits of expedience and ease for ascertain-
ing the internal stress values at each point of the photoelastic
sample.

An interesting application of this method is to investigate the
effects of distinct materials inserted into photoelastic samples.
For example, in the field of mechanical engineering, it is feasible
to estimate the wear and fracture of composite materials, and in
dentistry, it is possible to map and estimate the internal forces in
the jaws, caused by prostheses.

An improvement to this work could be the implementation of
reflection holography. This technique would enable the exami-
nation of stress versus strain distributions in various materials
and potentially offer an alternative to the procedures used in
industry today.
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