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Abstract: The use of phase shift-digital speckle pattern interferometry (DSPI) together with an
optimization method for displacement prediction of a bone sample was evaluated. The
proposed method is based on Particle-swarm Optimization (PSO) algorithm which
used analytical data to obtain the bone Young’s modulus for Finite Element Analysis
(FEA) simulations in order to compare with experimental displacements results from
DSPI. A bone sample was used in the experiments for generating the displacements by
using DSPI, PSO algorithm identified the optimized Young’'s modulus and FEA was
used to simulate displacements from the bone geometry model. Results presented good
agreement between FEA and DSPI data showing error around 3%. This can be considered
a potentiality of DSPI supported by optimization method and FEA for displacement

prediction in bone samples.

Keywords: Particle-swarm optimization; Bone sample; Displacement measurements.

Received: May, 12 2016 - Accepted: January, 13 2017

INTRODUCTION

Digital ~Speckle Pattern Interferometry
(DSPI) is a technique commonly used for micro
displacement measurements in structural elements
(Facchini and Zanetta (1995); Gonzdlez et al.
(2001) and Goodman (2007)). Also, in medicine
and in biomedicine fields, applications of DSPI
technique are presented (Lang et al. (2004) and
Roman et al. (1999)) demonstrating the wide range
of applications for physics properties that require
sensitive approaches to access them properly.

Many investigations on the mechanical
properties of bone tissue have reported different
values for the modulus of elasticity (Reilly, Burstein
and Frankel (1974)). The application of DSPI to
determine the elastic characteristics of a bone allows

the study of elastic behavior of these materials in
different kind of experiments. Some related works
show results for bones measurements by using
optics techniques (Martinez-Celorio et al. (2010),
Petzing et al. (1998) and Su et al. (2005)).

Since the biological material bring with them
an intrinsic variability and heterogeneity, the
outputs from the DSPI measurements require
a post-processing step for adjusting results to
adopt a reliable information. One post-processing
approach that can be used in those cases is the
particle-swarm optimization (PSO) which is
based on socio-psychological principles inspired
by swarm intelligence. PSO has been applied in
different areas (Arumugam and Rao (2008); Jiang
etal. (2007); Liu, Liu and Cartes (2008); Magalhaes,
Braga Jr and Barbosa (2015); Mazhoud et al. (2013)
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and Loja (2014)), including biomechanics (Hill
and Banks (2014); Koh et al. (2006); Koh et al.
(2009); Schutte (2005) and Yang et al. (2011)).

Therefore, this work assumed that the
adoption of a PSO post-processing of the images
from the DSPI application in bones displacements
could improve the quality of the outcomes.

This paper is focused on applying DSPI
supported by an optimization method in order
to predict displacements in a bone sample by
using Finite Element Analysis (FEA) (Parvitte et
al. (2013)). In this case, the material property is
represented by the Young's modulus in order to
evaluate the use of DSPI together with optimization
for displacements prediction in a bone sample.

Measurement of out of plane displace-
ments by DSPI

Figure 1 presents DSPI components scheme
for displacement measurements in the normal
direction to the surface of the object. It uses a
single He-Ne laser beam which is divided by a
beam splitter with a semitransparent mirror with
one of the two beams expanded and projected
directly to the front surface of the object and
reflected through a lens to produce the image in
the CCD (Charge Coupled Device) camera. The
other beam is the reference one which interferes
with the object beam before reach the CCD
camera by using a beam combiner cube. Finally,
CCD camera records the interference of them
and two images are recorded before and after
applying the load (P).

laser

spatial filter
beam splitter and piezo-electric
transducer

. cube
photographic CCD camera

object objective

computer

Figure 1: DSPI components scheme for displacement
measurements.
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Initially a reference image corresponding to
the initial stage of the object without applied load
is considered. Different images are successively
subtracting from the reference image, resulting
in a striped box. Given considerations of classical
interferometry, the resulting irradiance at a point
(x, y) of the image captured by the CCD camera
(reference image) is given by Equation (1).

LGep) =1 G+ 1 e+ 2] JL Gl ry)eos¥(xy) (1)

where Ir (x, y) is the uniform intensity of the reference
beam and I, (x, y) is the intensity of the object beam;
|| is the degree of coherence between the two beams
(approximately equal to 1), which is a measure of
visibility and W (x, y) is the phase difference between
the reference beam and the object beam at point (x, y).

When the object undergoes deformation, the
new image captured by the CCD camera presents
the irradiance according to Equation (2).

Ly(ey) =10+ 1 (60)+ 20y 1 (x, ) cos[¥(x, 1) +¢(x, )] (2)

where ¢(x, y) is the optical phase difference due to
the object deformation, which is the surface where the
phase shift is experienced by the speckle pattern.

When the magnitude of the final image
is squared, it is obtained successive images
subtraction from the reference image which is
represented by Equation (3).

2
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Furthermore, the phase difference is directly
related to the optical path difference of the
illumination beam from the object, before and
after the displacement of the point of interest.
The component of the displacement outside the
plane z (x, y) is related to the phase difference
¢(x, y) according to Equation (4).

d(x,y)= { }ﬁ(x, y) (4)

27(1+cos )

where d(x,y) is the displacement and 6is the illumination
angle.
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In order to improve the quality of the final image,
a phase-shifting process is carried out where four
consecutive pictures from the object are created
by adding a displacement of n/2 between them
through a piezoelectric transducer coupled to a side
mirror. The phase map has a phase interval between
-11 and 11 being obtained from the Equation (5).

(I, (x,y)-1, (x,y))
(I, (x,y)-2I5 (x,)) ()

w(x,y) = tan'[

Through a process of phase unwrapping, the
phase of each point of the object is obtained and
thus estimates the displacements at specified
points of the object.

Considering a homogeneous, linear and
isotropic beam subjected to a bending condition,
the wvertical displacement at centerline is
represented by Timoshenko and Goodier (1970) as
in the Equation (6).

£

d(x,y)=2E]

2 X
(L' =) ©)

where P is the load, E is the material Young's
Modulus, I is the moment of inertia, L is the beam
length and x is the distance between the displacement
measurement point and clamping position.

Optimization theory

By knowing experimental displacements, PSO
algorithm can be applied in order to describe
each particle position from the vector position in
the search space from Equation (7).

v(t+1) = (wv(@) + (cri(p@) - x(1)) + (¢, (1) - x(1) (7)

where w factor is the inertia weight, v(?) is the particle’s
velocity at time £, x(t) is the particle’s current position
at time t, ¢, and c, are constants weighting, p(t) is the
particle’s best position, g(f) vector value is the best
known position found by any particle in the swarm
and r, and r, are random numbers in a specific range,
that normally vary between 0 and 1 (Marwala (2005)).

By applying Equation (5), the new velocity,
v(t+1), is used to compute the new particle’s
position, x(t+1) as presened in Equation (8).
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x(t+1) = x(t) + v(t+1) (8)

Each particle moving towards the previous
position tends to an optimized value.

MATERIAL AND METHODS
Experimental displacements from DSPI

In order to evaluate Young's modulus
measurements by DSPI and optimization,
one sample of a dried radius bone was used.
Mechanical experiments (bending tests)
were performed in order to provide DSPI
measurements data and define the objective
function to be used in the PSO algorithm. In
the bending test, the bone was clamped in
zero position and a static load (P) of 0.098 N
was applied 92 mm far from the clamping as
schematically shown in Figure 2.

)

Figure 2: Sample bone drawing and loads position
scheme.

clamping position \

Considering the non-regular geometry of the
sample, it was necessary to measure the moment
of inertia from different positions of the bone. A
computed tomography was performed in order
to measure the sample thickness at each two
millimeters. These points were defined following
same positions from the Finite Element model.
From the cross sections measurements, a moment
of inertia of 468 mm*was obtained. For this study,
it was not taken into account the trabecular bone
tissue because the experiments were provided
considering pure bending. If a tensile test from
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a tissue is performed, it is necessary to consider
the trabecular bone. Although, in long bones
such as the femur, this kind of consideration is
important.

A He-Ne laser beam with 632.8 nm and 45
mW was used as a source of illumination and
after being projected by mirrors and expanded
by a spatial filter, the beam reaches the object
was illuminated at an angle around 0°. The
images were acquired by a macro (SIGMA)
with a focal length of 50 mm, iris of f/16,
connected to an AVT Marlin F-145B2 CCD
(8bits, 1390x1040 pixels, shutter speed 1/125
s and 15fps) and the processing of phase map
carried out by IDEA software (Robinson and
Reid (1993)).

Optimization algorithm

In this work, the optimization algorithm
was based on Visual Basic® existing code
(Mccaffrey (2015)) and modified for this
specific application. Basically it starts with
a random value of Young's modulus to find
displacements at the same points measured
in the experiments. Although the bone
should not be considered as an isotropic
material, for simplification, it was assumed a
homogeneous, linear and isotropic material in
order to calculate the analytical displacements
by applying the Equation (6).

The inputs for the PSO algorithm were the
load, the sample length, the moment of inertia
and a separated file containing the position
and displacements from the experiments. The
numbers of iterations, number of particles and
boundaries were also required for optimization.
Boundaries were considered the minimum and
maximum Young’'s modulus assigned by the
user. It was considered Young’'s modulus values
from the literature that reported a variation
between 8 and 22.8 GPa (Bosisio et al. (2007)).
Based on those values, the boundaries for the
PSO algorithm were established.

The algorithm also compares the two
ranges of values (experimental and analytical
displacements) in order to provide the
difference from both ranges of values. Based
on this difference, the algorithm tried a new
Young’'s modulus value in order to minimize
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the error to the subsequent iteration. After
the total number of iterations achieved, the
algorithm stopped the analysis and indicated
the estimated Young’s modulus for the bone
sample (Figure 3).

(minimum and maximum) values

PSO starts with pre-defined boundaries
of Young's Modulus

Initialize particles with random position of
Young's Modulus, providing the initial position

|

Compare experimental results with analytic
displacements and returns the
sum of squares error (SSE)

Evaluate the previous SSE and replace
Young's Modulus for each particle’s position

Stop looping and indicate the
optimized value of Young's Modulus

Figure 3: PSO flow chart for Young’s modulus
determination.

Finite Element Analysis

By knowing the estimated Young’'s modulus
from PSO in conjunction of the scanned bone
geometry, numerical simulations were able
to be performed. Those data were considered
as inputs for the FEA software (ANSYS®)
and the expected outputs are the simulated
displacements.

In order to run the Finite Element analysis, it
was necessary to generate the mesh (discretized
model) from the bone geometry. This process
consists on the geometric model subdivision
in small volumes (nodes and elements). In
the case of this work, bone mesh generated
266 nodes and 144 elements (hexahedral eight
node element with reduced integration).
External load were applied to a node in the
same position of DSPI experiments.

RESULTS AND DISCUSSION

DSPI measurement results including fringe
patterns with phase-shifting and phase maps
from the radius bone is shown in Figure 4.
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Figure 4: Fringes (a) and phase map (b) from radius bone.

From experimental data, a third order
polynomial curve was obtained from DSPI
measurements and it was defined as the objective
function, according to Equation (9).

y=(-3.1e-9)x" +(8.6-7)x’ +(1.4 e-11)x-2.5¢-10 (9)

where x represents the bone length and y is the DSPI
displacement measurements.

In order to run the algorithm, a hundred
iterations have been chosen since it was enough
for the Young’s modulus stabilization as observed
in previous algorithm running tests. Ten particles
were chosen for the analysis in the algorithm. It
means that after ten PSO iteration, it was carried
out over just one particle to the next iteration
(best position). For this reason, Figure 5 presented
the optimization result showing a total of 1000
iterations (10 particles times 100 iterations).

—Optimized
Young's Modulus

Young's Modulus (GPa)

PSO iterations

Figure 5: Optimization results for Young's
Modulus estimation.
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In Figure 5, it is observed the estimated Young's
modulus value around 11.2 GPa. In order to certify
the stability of the optimization method, wide
boundary conditions were established (1 to 50 GPa),
taking in consideration Young's modulus values of
some less familiar bony tissues (Currey (2010)). It
is noted that even changing the input parameter to
a wide boundary, the results kept the same which
certified the stabilization of the algorithm.

The estimated Young's modulus obtained from
DSPI together with PSO was close to the literature,
such as Martmez-Celorio et al. (2010) which reported
129 GPa by using interferometry as well. This
certified the use of the estimated Young’s modulus
(from PSO algorithm) for displacements prediction
by means of Finite Element simulations. Figure 6
presents displacements results from FEA based on
the Young’s modulus equals to 11.198 GPa.

DME =.004581

Z

¥l/}{

0 .001013 .002036

.00305 .004072
.S09E-03 .001527 .002545 L003563

Figure 6: FEA displacements results (mm) from
the bone geometry.

Figure 7 presents DSPI results (including
standard deviation values) versus FEA
displacements considering the simulations with
estimated bone Young’'s modulus.

Considering the clamping positionat zeromm,
it is noted in the Figure 5 that from the distance
around 70 mm to 92 mm, which is the total length
of the bone, the difference between both curves
were increased (FEA curve out of DSPI standard
deviation values), although the total error was
close to 3%. This increasing difference from both
curves can be explained by the hypothesis that as
higher as the displacements, more sensitive was
the DSPI measurements. This can be considered
an advantage for optical applications which
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require high sensitivity as reported by Braga Jr
et al. (2015).
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Figure 7: FEA vs.DSPI displacements results
with standard deviation.

CONCLUSIONS

Inthiswork, DSPItogether withanoptimization
algorithm for displacements measurements of a
bone sample was evaluated by comparing with
FEA. Results showed 3% difference between
DSPI and FEA displacements data, considering
simulations with estimated Young’'s modulus of
11.198 GPa obtained from the PSO algorithm.

The geometry of the bone model was
considered linear only in the PSO algorithm, but
in bending tests and finite elements analysis, it is
not. PSO algorithm was used for Young's Modulus
estimation and comparison results were performed
between DSPI and finite elements results.

Results also demonstrated that as higher
as the displacements, more sensitive was the
DSPI measurements and this can be considered
an advantage for optical applications which
require high sensitivity. This demonstrates the
potentiality of DSPI together with optimization
methods for other biomechanics applications.
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