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Abstract. Assessment of mechanical properties of soft matter is a challenging task in a purely noninvasive and
noncontact environment. As tissue mechanical properties play a vital role in determining tissue health status,
such noninvasive methods offer great potential in framing large-scale medical screening strategies. The digital
speckle pattern interferometry (DSPI)–based image capture and analysis system described here is capable of
extracting the deformation information from a single acquired fringe pattern. Such a method of analysis would be
required in the case of the highly dynamic nature of speckle patterns derived from soft tissues while applying
mechanical compression. Soft phantoms mimicking breast tissue optical and mechanical properties were fab-
ricated and tested in the DSPI out of plane configuration set up. Hilbert transform (HT)-based image analysis
algorithm was developed to extract the phase and corresponding deformation of the sample from a single
acquired fringe pattern. The experimental fringe contours were found to correlate with numerically simulated
deformation patterns of the sample using Abaqus finite element analysis software. The extracted deformation
from the experimental fringe pattern using the HT-based algorithm is compared with the deformation value
obtained using numerical simulation under similar conditions of loading and the results are found to correlate
with an average %error of 10. The proposed method is applied on breast phantoms fabricated with included
subsurface anomaly mimicking cancerous tissue and the results are analyzed. © 2017 Society of Photo-Optical

Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMI.4.1.016001]
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1 Introduction
Research in the noninvasive assessment of tissues has been of
increased interest in the recent past to consider the evolvement
of patient-friendly diagnostic techniques at the clinical level.
Even though mammogram, magnetic resonance imaging
(MRI), and ultrasound techniques have emerged in a clinically
usable level,1 there are associated disadvantages in assessing
malignancies related to specific tissue sites such as the breast.
The major disadvantage is disease detection in one of its early
developmental stages.2 Fortunately, not all tissue lumps that are
present within the breast will become a cancer, but there is a
major possibility that unidentified long-term lesions/cysts may
turn into a cancer.3 Methods such as breast self-examinations
(BSE) and clinical breast examinations (CBE) are used in breast
screening for detecting suspicious masses or lesions by hand.
For this, the lesion should be palpable and hence the size of
the lesion creates a limitation here. The process also causes dis-
comfort to the subjects due to physical contact.4 Since the breast
is a highly viscoelastic medium,5 there is a great chance of
missing the lesions in the above tests such as BSE and CBE.
Identifying the cysts or lesions is the primitive step of diagnos-
ing the tumor in early stages, which may not be always possible
with the above methods. The current gold standard for breast

cancer diagnosis is x-ray mammogram, ultrasonogram, positron
emission tomography, and MRI. The pros and cons of these im-
aging modalities are well reported.1,2,4 Recently, there have been
reports investigating the potential of the mechanical properties
of breast tissue such as elasticity, stiffness, and viscoelasticity as
a discriminating factor in the course of a developing malignancy,
which can be quantified to classify the pathological changes.6

Common types of breast cancers are of epithelial origin.7

The accumulation of cells or formation of cysts/lesions has a
positive growth rate toward the inner layers in the case of breast
sarcomas.8 Due to the changes in cell metabolism that occur dur-
ing the development of cancer, the above-mentioned mechanical
properties will undergo changes and the quantification and com-
parison of these properties with that of the normal control site
can result in the evaluation of the tissue status. Some of the
in vivo techniques approved clinically to characterize the tissue
stiffness and elasticity properties are ultrasound elastography
and MRI.9–12 Looking at the difference in the deformation
profile of normal and malignant tissues would be of additional
advantage in characterizing malignancies.13 We had previously
demonstrated an optical method based on DSPI configuration to
classify the normal and abnormal breast phantoms on a quali-
tative scale,14 by just noticing the fringe deviations at the loca-
tion of the abnormality. An attempt to quantify the deformation
of the breast tissue is carried out in this paper. The normally
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practiced temporal phase shifting method for phase and sub-
sequent deformation extraction from the obtained fringes
would not be realistic here due to the highly decorrelating nature
of speckle patterns obtained from soft tissues.15 Hence, we have
demonstrated a Hilbert transform (HT)-based phase extraction
algorithm from a single fringe image experimentally acquired
from the sample. The algorithm is validated using simulated
fringes from a standard circular diaphragm with arrested edges
and the results are found to be satisfactory. The applicability of
the algorithm on the fringes obtained from a breast phantom is
again verified with numerically simulated deformation profiles
using Abaqus finite-element analysis algorithm. The experi-
ments are extended with a nonhomogeneous phantom represent-
ing malignancy and the extracted deformation is found to be
clearly different from that of its homogeneous counterpart.

2 Materials and Methodology

2.1 DSPI Theoretical Background for Cone-Shaped
Model

The fringe formation in DSPI based on the intensity correlation
of the speckle patterns before and after object loading is well
reported.16 In the equations given below, I0 and IR are the inten-
sities of the object beam and reference beam, respectively. The
resultant intensity in the image plane before applying displace-
ment is given by

EQ-TARGET;temp:intralink-;e001;63;463I ¼ Io þ IR þ 2
ffiffiffiffiffiffiffiffiffi
IoIR

p
cos ∅; (1)

where ∅ is the phase difference between the two beams.
The resultant intensity of the image after object displacement

is given by

EQ-TARGET;temp:intralink-;e002;63;397I ¼ Io þ IR þ 2
ffiffiffiffiffiffiffiffiffi
IoIR

p
cosð∅þ δÞ; (2)

where δ is the additional phase change introduced due to the
specimen displacement.

This additional phase change could be expressed and
extracted in terms of the illumination geometry as well as the
applied compression vectors considering a three-dimensional
(3-D) geometry.17 However, depending on the shape of the inter-
rogated 3-D geometry, the obtained phase change reflecting the
amount of deformation undergone by the specimen will vary
and hence the fringe formation equations in the present case
are detailed here. The displacement vector was derived in
cylindrical co-ordinates. In this derivation, the illumination and

imaging vectors are oriented toward the outer curved surface of
a truncated cone geometry representing the breast phantom.
Depending on the type of loading, the magnitudes of net
displacement vector D of any point in the specimen when rep-
resented in cylindrical co-ordinates can be resolved along the r
(radial), t (tangential—an approximation for θ for small defor-
mations), and a (axial) directions, are denoted as Dr, Dt, and
Da, respectively, and are shown in Fig. 1. Therefore, the
small deformation vector of the specimen at point P upon com-
pression loading along the axial direction is given by

EQ-TARGET;temp:intralink-;e003;326;642D ¼ Daia þDrir þDtit; (3)

where ir , ia, and it represent the unit vectors in the radial, axial,
and tangential directions.

Here, the magnitude and direction of net deformation com-
ponents depend on the amount of deformation of the specimen
location along the specified axes which in turn depends on the
cone angle and the specific loading conditions. Figure 1 shows
the vector diagram of the light intensity for a cone model in
an out of plane DSPI set-up.

Let k1 and k2 be the unitary vectors indicating the directions
of illumination and observation

EQ-TARGET;temp:intralink-;e004;326;501k1 ¼ −ia sin θi − ir cos θi; (4)

EQ-TARGET;temp:intralink-;e005;326;471k2 ¼ ir; (5)

EQ-TARGET;temp:intralink-;e006;326;446δ ¼
�
2π

λ

�
ðk2 − k1Þ · D; (6)

where λ is the wavelength of the illumination light. The phase
change due to specimen deformation is given by

EQ-TARGET;temp:intralink-;e007;326;387δ ¼ 2π

λ
ðir þ ia sin θi þ ir cos θiÞ · D; (7)

EQ-TARGET;temp:intralink-;e008;326;346δ¼ 2π

λ
ðirþ ia sin θiþ ir cos θiÞ · ðDrirþDaiaþDtitÞ; (8)

EQ-TARGET;temp:intralink-;e009;326;311δ ¼ 2π

λ
½sin θiDa þ ð1þ cos θiÞDr�: (9)

From Eq. (9), it is clear that theDr component (out of plane) has
more sensitivity in forming the fringe pattern. However, the
axial component of deformation also has sensitivity in the fringe

Fig. 1 Vector diagram of light intensity for a cone model in the out of plane DSPI configuration.
(a) Illumination and imaging vectors and (b) deformation vector components.
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pattern, which arises due to the shape of the sample. In the cur-
rent experimental set up, Eq. (9) is used for calculating the phase
change introduced on the curved surface due to the deformation
upon the application of a compression load along the axis of
the cone. The effect of this phase change in modulating the
brightness/darkness of the interference pattern representing
the fringes is well reported in the literature.

2.2 Experimental Set-Up

Figure 2 shows the schematic diagram of the out of plane DSPI
set-up for testing the sample specimens. The output beam from a
632.8-nm helium neon laser (source) is divided in two using a
beam splitter-1 (BS-1). The spatially filtered divergent transmit-
ted beam is used to illuminate the sample with the help of mirror
M4. The diffused back scattered light from the sample is
allowed to combine with the reference beam with the help
of a second-beam splitter/combiner (BS-2). Mirrors M2, M3,
and the ground glass (reference) combination were arranged
according to Fig. 2 to facilitate the steering of the reference
beam. A charge coupled device (CCD) camera—zoom lens
combination (Sony XC-ST 70CE—optem macro lens)—was
used to capture the combined image from the sample and
reference surfaces. The CCD is connected to a frame grabber
interfaced with a computer. Using the developed algorithm,
the phantom image was captured and served as the reference
image. The sample was uniformly compressed at predefined
values at the minimum diameter area using a digital micrometer
head loading system (Mitutoyo). The deformed image of the
sample is captured in real time and subtracted from the stored
reference image using the developed algorithm at a rate of
25 frames∕s to visualize the deformation fringes.18

2.3 Preparation of the Breast Phantom

Phantoms were prepared to mimic the optical and mechanical
properties of the normal/abnormal breasts. The ingredients
used for making these phantoms were regular grade agar powder
(SRL Chemicals, India) which mimics the stiffness of the real
breast tissue, Intralipid 20% (Fresenius Kabi, Germany) which
mimics the breast scattering properties, and dye-based black
India ink (Bril, India) for mimicking absorption of the abnormal

tissue.19 The use of increased agar concentration increased the
stiffness of the phantom which mimicked the abnormal tissue.20

For the fabrication of the normal phantom, 4 g of agar powder is
dissolved in 200 ml of distilled water. This solution is stirred
continuously while heating to 75°C. At this point, the solution
is allowed to cool down to 60°C following which 4.5 ml of
20% Intralipid is added to the solution. The mixed solution
is poured into a conical mold and allowed to cool to room tem-
perature. The prepared phantom (hereafter referred to as sample
1) is shown in Fig. 3(a). In order to mimic a tumor region with
increased stiffness, 8 g of agar is used as the base with an added
10 μl of India ink. The India ink is added to mimic the increased
absorption of a malignancy. A tumor of size 1 cm with a thick-
ness 0.5 mm was cut from this phantom and incorporated as an
anomaly representing flat dysplasia into the normal phantom.
The prepared inclusion was placed ∼1 mm from the outer sur-
face of the phantom as shown in Fig. 3(b). Figure 3(c) shows the
anomaly included phantom (hereafter referred to as sample 2).
After placing the inclusion, the remaining volume of the mold
was filled with the normal phantom mixture without disturbing
the position of the inclusion.

2.4 Breast Phantom Mechanical Characterization
Using Ultrasound

The material properties of the normal breast phantom and
the inclusion were characterized using the ultrasound probe
(Olympus, 1 MHz) test as shown in Figs. 4(a) and 4(b). The
ultrasound testing was carried out by placing the transducer
directly over the phantom surface. The sample was tested for
both longitudinal and transverse waves of sound propagation
at multiple points with a constant height (h) as shown in
Fig. 4(a). First, the sample was wiped with tissue paper to
remove the extra water content over the area to be tested. To
have proper conduction of sound, an ultrasound gel was applied
over the surface of the sample and the probe was placed over it.
By measuring the time of flight and knowing the sample height,
the elastic constants of the material were estimated. Estimated
speed of sound in the breast phantom closely matched that of
the real breast tissue20 (1430 m∕s for normal phantom and
1420 m∕s for inclusion). The Young’s modulus and Poisson’s
ratio of the normal phantom were estimated to be 15.9 kPa
and 0.46, whereas the abnormal inclusion gave the values of
33.78 kPa and 0.5. All these values correlated well with the
existing literature on the elastic properties of breast tissues.

As mentioned in Sec. 1, the DSPI technique has an inherent
advantage in characterizing the tissue deformation in a whole
field, noncontact, and real-time environment and has the poten-
tial of offering quantitative information about the deformation.
In addition, it is useful for identifying tissue abnormalities in
subsurface layers.21 However, the effective extraction of infor-
mation from the obtained fringes purely depends on the adapted
image analysis methods. The proposed image analysis associ-
ated with DSPI offers less computational time and low-memory
consumption at low cost. There are well-established techniques
to extract the phase and quantify the deformation from DSPI
fringe pattern images,22 however, only for rigid engineering
samples. One of the best ways to extract the deformation is
by using a temporal phase shifting technique involving piezo
electric transducers to change the path length of the beam.
The limitations in implementing the temporal phase shifting
for biological soft tissue are its viscoelastic nature causing
fast stress distribution and subsequent decorrelation of speckleFig. 2 Schematic of the out of plane DSPI configuration.
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patterns. Extraction of phase from a single interferogram would
be a better option to be used in such scenarios and the principle
and the methods adopted for the same are described below.23

2.5 Processing of DSPI Images

The processing of DSPI images to extract the hidden phase as
well as deformation information is a challenging task especially
in the case of soft samples such as tissue. The various processes
involved the extraction methodology are given below.

2.5.1 Image contrast enhancement

The fringe pattern obtained for the normal breast phantom
using the experimental system described previously is shown
in Fig. 6(a). An extracted deformation profile relies on retrieving
the optical phase information from the interferometric fringe
patterns and the subsequent method of phase unwrapping. To
start the process, noisy speckle images were filtered using a
median filter as reported in the literature.24 The fringe pattern
contrast and visibility were enhanced by using a median filter
of window size 3 × 3 applied to the image. Choice of the smaller
window size improved the filtering results and also maintained
the low-frequency information in the image.

2.5.2 Phase extraction

Phase extraction from a single interferogram is really challeng-
ing and has been reported earlier in engineering specimens.
Some of the practices developed earlier for this purpose include
usage of windowed Fourier transform, Goldstein’s branch cut
algorithm, quality-guided path following method, weighted
least-square method, and minimum Lp-norm phase unwrapping
method. The main sources of error in obtaining the phase from a
single interferogram is due to unavoidable noise, data inconsis-
tency, and loss of data and invalid area particularly due to shape
of the sample.25 Most of above-mentioned phase unwrapping
methods could not deal with the above-mentioned errors, espe-
cially the noise and abrupt phase change. Another reported
method called the extreme map method worked better, but
was applicable only for closed loop fringes. In this case, the
deformation of the breast phantom resulted in open loop curved
fringes with alternate dark and bright intensity distributions over
the image pixels. After careful review of the various image
processing methods mentioned above, we have adopted he
HT-based method for extracting the wrapped phase distribution
from the soft breast phantom fringes.26 As explained in Sec. 2,
the phase of the image contains the information about the
object’s deformation. The image is transformed to a complex
plane by applying HT. The wrapped phase image is obtained
using the following equation:

EQ-TARGET;temp:intralink-;e010;326;272W ¼ a tan

�
HiðIÞ
I

�
; (10)

where HiðIÞ is the imaginary part of the original image (I) after
applying the HT andW is the wrapped phase image. The hidden
phase values from the wrapped phase image ranging from −π to
þπ are unwrapped using the multigrid method to get the con-
tinuous phase map. The obtained phase map is further filtered
and smoothed using discrete cosine transform.27

2.6 Finite Element Method Analyses on Breast
Phantom Model

Finite-element method analysis of the breast phantom model
was carried out using Abaqus 6.10, in order to understand
the stress distribution in the sample while applying a specific
external load. For simulation, a 3-D truncated cone matching
real phantom dimensions was modeled using Abaqus part

(a) (b) (c)

Fig. 3 (a) Agar gel cone normal phantom, (b) defect inclusion, and (c) abnormal phantom.

Ultrasound  transducer

30 mm60 mm

Phantom

(a) (b)

50 mm

Fig. 4 Ultrasound testing of (a) cone phantom and (b) anomaly.
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module. The mechanical properties such as elastic modulus and
Poisson’s ratio of the breast phantom were estimated by the
ultrasound method as discussed in Sec. 2.4. These estimated
mechanical properties were assigned to the model using a
material property module. The cone was modeled without
anomaly inclusion considered analogous to homogeneous nor-
mal phantom and its deformation analysis was carried out to
visualize the stress distribution over its outer surface. The
model was meshed using quadratic tetrahedron element with
an element size of 45,530. The selection of this element size
was based on an optimization between the accuracy of the
obtained results and the computational time. All degrees of free-
dom on the large diameter of the cone were arrested using the
encastre boundary condition. The smaller diameter of the cone
bottom was subjected to a uniform body force along the y-axis
and its deformation contour was plotted. This procedure was
repeated for multiple applied values of deformation.

3 Results

3.1 Validation of the Developed Algorithm

The developed algorithm for the phase extraction from a single
fringe image was validated by applying it to a computer simu-
lated circular fringe of a centrally loaded circular diaphragm
with its edges arrested as shown in Fig. 5(a). Figure 5(b) shows
the unwrapped phase plot obtained using the developed algo-
rithm and Fig. 5(c) shows the two-dimensional (2-D) deforma-
tion distribution plot in a false color mapped version, whereas
Fig. 5(d) shows it in 3-D. The deformation plot was obtained by
multiplying the extracted phase distribution plot [Fig. 5(b)]
with λ

4π, at all pixel coordinates, (λ ¼ 632.8 nm), according to
the small angle of illumination approximation as explained in
Sec. 2.1.28 The deformation values are found to correlate with
the applied deformation (0.5 μm) at the center of the diaphragm.

3.2 Comparison of Experimental Fringes with
Numerical Simulation Results

The experimental fringe patterns obtained for sample 1 under
different conditions of applied deformation is shown in
Figs. 6(a) to 6(c). Figures 6(a) to 6(c) show the fringes obtained
for 4, 5, and 6 μm applied deformations.

The number of fringes increased with an increase in applied
deformation indicating the increased deformation over the sam-
ple volume as expected. For numerical simulations, the condi-
tions of loading were mimicked by selecting the body force

model as for a soft gel sample, with the applied deformation
spread over the entire volume of the body. Body force values
of 4, 5, and 6 N∕m3 were selected to represent the maximum
vertical displacement at the sample area in contact with the
applied deformation unit in line with that of the experiments
(4, 5, and 6 μm).

It was observed that for increased values of applied deforma-
tion, the fringe pattern appeared random and dynamic for the
hydrogel-based soft phantom. The dynamic nature of the phan-
tom made fringes disappear suddenly because of the increased
applied stress. Since the sample was a gel (due to its viscoelastic
property, the fringes decorrelated (disappeared) when subjected
to deformations greater than 12 μm. It was observed that for the
selected range of deformation (4 to 6 μm), the stress distribution
in the sample was uniform as evident from the obtained uniform
fringe patterns.

3.3 Image Analysis for DSPI Fringes from Normal
and Abnormal Breast Phantoms

After the validation explained in Sec. 3.1, the algorithm was
applied to sample 1 and the results are shown in Fig. 7. DSPI
fringe obtained for sample 1 is shown in Fig. 7(a). Figure 7(b)
shows unwrapped phase plot obtained using the developed algo-
rithm and Fig. 7(c) shows 2-D deformation distribution plot in
a false color mapped version, whereas Fig. 7(d) shows the 3-D
surface deformation profile.

DSPI fringe obtained for sample 2 is shown in Fig. 8(a).
Figure 8(b) shows the unwrapped phase plot obtained using
the developed algorithm and Fig. 8(c) shows the 2-D deforma-
tion distribution plot in a false color mapped version, whereas
Fig. 8(d) shows the 3-D surface deformation profile.

3.4 Comparison of Anomaly Location

The spatial location of the anomaly was identified by comparing
the images in Fig. 9. In sample 2, subsurface anomaly
ð10 × 10 × 0.5Þ mm3 was embedded at a height of 18 mm
from the X-axis and 30 mm from the Y-axis. This anomaly loca-
tion was experimentally detected using DSPI technique by
observing the fringes and extracting the hidden optical phase
and unwrapping it from the speckle deformation fringe pattern.
The stress accumulation due to anomaly inclusion was evident
in the formed fringe pattern [Fig. 9(b) represented by the
deviation in fringes] and deformation profile [Fig. 9(c) repre-
sented by the decrement in deformation value] at the same loca-
tion of the anomaly as that of the original phantom. Thus, the

Fig. 5 Extraction of deformation from a single interferogram (simulated fringe pattern from centrally
loaded circular diaphragm). (a) Original image, (b) unwrapped phase map, (c) false color representation
of surface deformation distribution (c) in 2-D (d) in 3-D.
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Fig. 7 Deformation extraction from a single interferogram for an applied deformation of 4 μm to sample 1.
(a) Original image, (b) unwrapped phase map, (c) 2-D deformation distribution false color map, and
(d) 3-D surface deformation distribution.

Applied
deformation

DSPI fringe 
pattern

Simulated 
fringe 

contour

(d) (e) (f)

Deformation 
profile
(2-D)

(g) (h) (i)

(a) (b) (c)

4 5 6 µm µm µm

Fig. 6 Comparison of experimental fringe patterns (a)–(c) and numerically simulated results (d)–(f) and
2-D deformation profile for sample 1 under different applied deformations.
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anomaly location was estimated quantitatively based on the
distance approach.

4 Discussions

4.1 Applicability of the Algorithm in Single Fringe
Pattern-Based Deformation Extraction

The developed algorithm was validated using a simulated fringe
pattern for a centrally loaded circular diaphragm with arrested
edges as shown in Figs. 5(a)–5(d). The unwrapped phase
obtained using the HT-based algorithm [Fig. 5(b)] showed
uniform variation with the maximum value of phase change at
the center and zero value of deformation at the arrested edges.
Extracted deformation, Fig. 5(d), also followed the same trend
and was found to follow the reported literature,28 thus validating
our algorithm.

As represented in Fig. 6, the numerically simulated deforma-
tion contours [Fig. 6(d)] were found to follow the same trend as
the experimental fringes [Fig. 6(a)], for a specific applied defor-
mation of 4 μm, verifying the nature of spread of the applied
deformation in a soft gel phantom. The trend was observed
to be similar for different values of applied deformation
[Figs. 6(e) and 6(b) for 5 μm and Figs. 6(f) and 6(c) for 6 μm].

4.2 Numerical Comparison of the Extracted
Deformation Profile

The deformation values at different spatial locations of the
sample obtained using simulations were compared with the
extracted 2-D deformation profile from the experimentally
acquired fringes. Figure 7 shows the deformation extraction
sequence using the developed algorithm for a 4 μm applied
deformation for sample 1. In both simulations [Fig. 6(d)] and
the extracted deformation profile [Fig. 7(c)], the variation of
deformation was observed to be uniformly spread out from
a maximum (at the applied deformation point) to a minimum
(at the supported base). A close correlation was observed
between the extracted deformation values as well as the origi-
nally applied deformation values under various applied defor-
mation conditions. The errors associated with maximum and
minimum values of deformation for experimentally extracted
and simulated profiles are found to be within 2% variation
for different applied values of deformation. For comparing
the experimentally extracted and simulated values, multiple
points along the same vertical height in the sample in each
of the major color bands of the sample deformation profile
were considered. The average %error in comparing the extracted
and simulated values for different color bands was found to be

Fig. 8 Deformation extraction from a single interferogram for an applied deformation of 4 μm to sample 2.
(a) Original image, (b) unwrapped phase map, (c) 2-D deformation distribution false color map, and
(d) 3-D surface deformation distribution.

Fig. 9 Sample 2: (a) photograph, (b) experimental fringe pattern for an applied deformation of 4 μm, and
(c) 2-D deformation profile for the applied deformation. A horizontal line drawn at 18 mm from x -axis and
a vertical line drawn at 30 mm from y -axis intersects shows the abnormal location.
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within the limit of 10%. These comparisons confirmed the
applicability and validity of extracting deformations using the
proposed methodology.

4.3 Extension of Experiments with
Nonhomogeneous Phantom (Sample 2)

To extend the application of the proposed DSPI-based deforma-
tion analysis on soft tissue phantoms, experiments were carried
out with sample 2 and the corresponding results obtained are
shown in Fig. 8. While the maximum and minimum values
for sample 2 deformation were found to correlate with that of
sample 1, the deformation values at the location of abnormality
showed a sudden decrement in sample 2 [Fig. 8(d)] as compared
to the corresponding location in sample 1 [Fig. 7(d)]. However,
it is worth noting that the phase as well as the deformation dis-
tribution has some residual noise at random locations, which is
clear in a 3-D plot and this could be purely attributed to the effi-
ciency of the filtering process. Filtering the DSPI fringe images,
especially for a soft tissue phantom, is a challenging task and has
to be specifically designed considering the sample in question.
However, in a 2-D representation, this effect could be minimized
and hence we have used a 2-D deformation distribution plot for
further comparisons. Localized deformation values along a line
L-L drawn at the same vertical height in the extracted 2-D defor-
mation profiles were considered for the comparison. The
decrement in deformation at the position of increased stiffness
was evident along L-L in Fig. 8(c) as compared to Fig. 7(c).
Also, it was noted that the change in sample deformation at
the position of abnormality was much larger (>10 times) than
the estimated errors as explained in Sec. 4.2, proving that
the predominant reduction in the deformation was necessarily
due to the presence of an abnormality.

The presence of the abnormality was also clearly evident
from the obtained fringe pattern in Fig. 8(a). As compared to
its normal counterpart (sample 1), the fringes were clearly devi-
ated from a normal profile [Fig. 7(a)] for the same applied load.
Further processing of the fringe pattern also provided us with the
amount of reduction in the sample deformation as a result of the
accumulated stress in the region of abnormality, representing
a tissue mass of high stiffness. Precise localized tumor margin
assessment requires further processing and experimentation
which will be dealt with in future.

5 Conclusions
The quantitative assessment of soft tissue deformation using
DSPI is demonstrated in this paper. The experiments were car-
ried out in breast mimicking phantoms having the optical and
mechanical properties of real breast tissue. In general, the
DSPI fringes obtained from soft tissue phantoms/organs are
highly decorrelating in nature with the applied load. Hence, a
single interferogram-based method is developed here for optical
phase extraction as well as deformation assessment with the help
of the HT-based technique on open loop fringe patterns. The
quantification of out-of-plane deformation of breast phantom
is accomplished using this proposed method.

Mapping the deformation profile of a highly viscoelastic
medium such as breast for an applied load/force is a challenging
task and this paper shows the applicability of the same
using DSPI-based methods with the least computational cost.
Furthermore, the entire DSPI could be miniaturized, which
gives an additional advantage for in vivo applications. The

applied load range mentioned in this study could be realized
by appropriate thermal loading when used under clinical testing
conditions. The close correlation of numerical and developed
tissue phantom deformation information could further be
expanded using optimization strategies to extend this concept
to the estimation of mechanical properties of soft tissues,
which are found to vary during disease progression. As noncon-
tact and very minimal invasive techniques, DSPI-based methods
could thus extend the possibilities in extracting soft tissue
mechanical properties, which offers potential applications in
developing real-time diagnostic optical tools in cancer research.
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