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Abstract Bone strain measurement is a case of interest
and demanding task for osteogenic adaption responses. In
this paper, a novel biocompatible optical sensor for the
bone axial strain measurement was proposed. In case
modern multilayer single mode WII type optical fibers are
well designed, they exhibit superior characteristics
compared to conventional metal strain gauges (SGs).
Furthermore, they could be strong competitors for SGs
based on fiber Bragg grating (FBG) devices. In this study,
mode field diameter (MFD) was selected as the indirect
parameter for sensing task, which was totally a new
approach. The strain sensitivity of 70.7733 pm/pe was
obtained. Moreover, temperature sensitivity was —3.0031
x 10 pm/°C, which was negligible and removed the
temperature compensation complexity for the sensor
structure presented. The satisfactory property achieved
for the designed sensor is as a result of multilayer fiber’s
complicated structure as well as the design procedure
based on evolutionary genetic algorithm (GA). In addition,
the sensor demonstrated a reliable performance as its
sensitivity was independent of the magnitude of the
applied load.

Keywords bone strain, in vivo, optical strain gauge (SG),
genetic algorithm (GA)

1 Introduction

The primary function of bone is to support the body,
provide a mechanical basis for movement, protect vital
organs as well as prevent the excessive deformation of
surrounding tissues under external forces [1]. During the
past decades, scientists have been trying to describe the
relationship between bone strain and bone osteogenic
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responses quantitatively [2]. Bone adapts its structure to
mechanical loading. It is essential to understand the form
and function of the skeleton, the quantification of the
experienced strain and the loading. The gold standard for
strain measurement is often obtained by strain gauge (SG),
a device with electrical resistance varying in proportion to
the amount of strain. However, it faces some serious
drawbacks for operation in vivo. Mostly because it is
difficult to adhere to bone, the SG itself with its
measurement wires represents a substantial foreign body
implant [3].

Less invasive and more accurate way to reveal strain
effect, thus improving the understanding of bone strain
within the human has become a hot topic in the field of
bone research. The revolutions in the fiber optic technol-
ogy have enabled the development of fiber optic sensors
(FOSs). FOSs, as dielectric devices, have a number of
advantages over their electrical counterparts for operation
in human body, and they are the primary candidates for
complete sensing systems. Their desirable characteristics
include biocompatibility, easier adherence to bone, corro-
sion resistance, and insensitivity to electromagnetic
interferences [4]. Also, the smaller size and surface area
of smooth optic fibers compared to SG with many soldered
seams are profitable not only because they probably
represent a smaller risk of infection when used in vivo, but
also because they can be used on curved surfaces which is
a problem with SG [3].

Among the FOSs, fiber Bragg grating (FBG) strain
sensors have undergone a rapid development in the recent
years and have been widely investigated. It has been
reported that the sensitivity for strain and temperature of a
FBG recorded at 1550 nm are approximately1.2 pm/pe and
13.7 pm/°C [4,5]. For in vivo measurements when strain
values are only required, cross sensitivity of FBG to
temperature must be taken into account, and it will be
compensated with accurate implementation techniques [6],
instead of assuming these effects negligible under
apparently controlled situations. /n vivo applications
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under infectious process or vigorous physical activity,
which are always followed by an increase in temperature,
or in long-term monitoring temperature corrections must
be made [4]. Also, some researchers have introduced a
sensor scheme consisting of combination of a polymer
FBG and a silica FBG which gives large discrimination
against temperature and strain and provides large sensitiv-
ity and dynamic range for sensing temperature and strain
changes simultaneously and independently [7]. However,
to the best of our knowledge, the viability of this sensor for
in vivo use is not inspected.

Modern multilayer optical fibers for strain sensing by a
precise targeted design were presented, and they might
become strong competitors due to their lower temperature
sensitivity and satisfactory strain response. The variety in
the hyper-parameters of these fibers and distinct affections
of these parameters make the utilization of an optimization
tool essential for permissible response of the designed
fiber. The evolutionary genetic algorithm (GA) [8,9] is the
best choice for the specific conditions of this case. In this
paper, the effect of strain on refractive index through the
mode field diameter (MFD) of the multilayer single mode
WII type optical fiber and the potential of this fiber as a
strain sensor were explored.

This paper is organized as follows: Section 2, being the
mathematical formulation, contains the prerequisite infor-
mation about modal analysis, strain, and thermal effect on
optical fiber. In Section 3, using GA and considering the
specific conditions in vivo, a suitable structure was
proposed for the fiber. In the following section, the
simulation and calculated results as well as discussion are
exhibited and finally the conclusion is presented.

2 Mathematical formulation

The mathematical formulation to extract the required
relations for simulation and design are illustrated in this
section. Three distinct subsections are allocated to the
factors playing role in the sensor design and the sensor
behavior identification.

2.1 Modal analysis

In this subsection, we presented modal analysis based on
linear polarized (LP) approximation for the WII type triple
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Fig. 1 Index of refraction profile for the proposed structures (WII)

clad single mode optical fiber illustrated in Fig. 1 [10].
For this structure, the index of refraction is defined as
follows:

ny, 0<r<a,

ny, a<r<b,
n(r) = 1)

ny b<r<c,

Ny, c<r,

where 7 is the radius position of the optical fiber. According
to LP approximation [11,12], we calculated the electrical
field distribution through the solution of Maxwell’s
equations. There are two regions of operation, and guided
modes and propagating wave vectors can be obtained by
using two determinants which were constructed by
boundary conditions. The two gray transverse lines in
Fig. 1 demonstrate these two operation regions. The
effective refractive index is given by

B
Refp = k_ja 2

where f, is the longitudinal propagation constant of the
guided mode and k, is the wave number in vacuum.
Structural parameters are defined as follows.
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Since the field of the fundamental mode of a circularly
symmetric fiber is bell shaped and has circular symmetry,
its extent could be well described by a single parameter,
which defines the MFD [13].
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where y(r) is modal field distribution.

2.2 Strain effect

Strain is the geometric deformation within the material,
and it can be expressed as the ratio between the change of
length and original length, therefore it is given a
dimensionless number. Strain can be simply tensile or
compressive. More complex strains are generated by two
planes sliding over each other (shear strain), bending
(bending strain) or rotation (torsion strain). Axial strain in
Fig. 2 [2] is a strain in the same direction as the applied
load. Both compressive strain and tensile strain, with



F. MAKOUEI et al. Temperature insensitive in vivo strain sensor design using multilayer single mode optical fiber 623

L+|AL

Fig. 2 Axial bone strain

negative and positive values, respectively, are axial strains.
For long bones, axial strain under physiologic conditions is
mostly along the long axis of the bone. It is generally
thought that compressive and tensile strains are the main
component for most kinds of activities [2].

Having the feasibility of strain measurement in bones,
diverse bone parameters could be accomplished. Pressure
mapping and the assessment of contact force and stresses
would be provided using an embedded array of optical
sensors. Strain measurement in the fractured area of bone
after surgery and at the bone joints for rehabilitation
purposes is of great prominence. Moreover, the strain
response gives a direct indication of the degree of calcium
in the bone. Calcium is the most important mineral in body
and decalcification can change the mechanical integrity of
the bones [14].

A modern multilayer optical fiber response to strain
occurs due to both changes in the refractive index and
dimensions of the layer which manage the n.g variation.
The term relating the refractive index changing with strain
is dominated by photoelastic effect. Getting exposed to
strain, the bandgap shift of silica causes the change in the
absorption coefficient of it. According to the Kramers-
Kronig relation, the variation in the absorption coefficient
affects the refractive index of silica. Therefore, the strain-
induced bandgap change is related to the changes of the
refractive index [15,16].

Physical changes in core height and width are related to
the Poisson ratio (v). However, the contributions of these
has been calculated to be negligible in our study.

Generally, considering the thermal induced strain due to
temperature variation, the change in refractive index as a
result of strain can be deduced as follows [10]

6 3 6
on; on; n; on.
An; = —e+—AT = —— & +—AT, (5
i = 681 7 + oT 2 i’/z::lpy J + oT ( )

where p;; is the photoelastic coefficient, n; is the refractive
index of the ith layer, ¢; is the strain tensor element and AT
is the temperature variation.

Assuming the homogeneity and isotropic behavior of
silica and also the application of force perpendicular to the
fiber cross section, Eq. (5) can be simplified to

n

5n,~
An; = 5 (Plz—v(l’n +P12)>3+ GTAT’ (6)
where, for the pure silica, p;; = 0.113, p;, = 0.252, v =

0.17.

2.3 Temperature effect

It is well understood that the refractive index of silica
varies with the change of temperature. As a result,
generally real time compensation to the temperature
fluctuation is on demand in applications. The method
used in this paper has been introduced by Ghosh [17]. This
model is based on the subscription of both electrons and
optical phonons. The optical constants computed through
this model are then used to calculate the refractive indexes
at any operating temperature or wavelength for the optical
fiber transmission system. Thermo-optic coefficient dn/dT
contains the contribution of electrons and optical phonons.
Consequently, it can be described in the optical transmis-
sion range in terms of linear expansion coefficient & and
the temperature variation of energy gap (dE,/d7) by the
following relation [18]

2 dE, E?
2n(dn/dT) =X, | -30———5___"¢ 7
n( n/ ) el a Eg dT (Eé*Ez) H ( )

where n, X., E, and E, are the room temperature refractive
index, the electronic susceptibility, photon energy, and the
suitable energy gap lying in the vacuum ultraviolet region,
respectively. The above equation can be rewritten in terms
of a normalized wavelength R = 2°/ (*-A4,°) as

dn 5
2n| —| =GR+ HR
n (dT) GR + , (8)

where the constants G and H are related respectively to the
thermal expansion coefficient () and the energy gap
temperature coefficient (d£,/dT) according to the relations
presented in Ref. [17] and their values were given in
Table 1 for silica glasses.

Table 1 Interpolated coefficient in the relation of Eq. (8)
GI(°) HI(®) Ag/pm al(®)
—~1.6548%10°° 31.7794%10°° 0.109 0.45x10°°

3 Design technique of strain sensor using
GA

In this section, a design methodology for WII single mode
optical fiber is applied to obtain the best performance in the
case of MFD sensitivity to the strain. As mentioned in the
introduction, the chief target is to maximize AMFD as the
sensor sensitivity. An appropriate optimization tool is
prerequisite for management of all the conditions. The
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design technique is based on GA, because this optimiza-
tion tool has been proven to be effective in nonlinear cases
with domains which are too large to be scanned efficiently
and also there are plenty of parameters which carry direct
impact on result [8,9]. The main target is the maximization
of MFD alterations due to strain. If the optical fiber is used
as a sensing element and the MFD variation is determined
to be an indirect parameter proportional to the strain, it
would boost the sensor sensitivity. According to the data
table represented in Ref. [2], the strain magnitude in
osteogenic structure of body in some vigorous activities
can reach approximately 9000 pe. The MDF is calculated
in the well-known wavelength of 1550 nm since silica has
the smallest natural attenuation at this wavelength.

To derive the proposed design methodology, the
following cost function is introduced,

cost function = MFD|,9000 W*MFD|+9000 pe* (9)

The sensitivity of MFD to strain augments as the
considered cost function is used. The flowchart given in
Fig. 3 explains the design procedure based on evolutionary

define appropriate interval
for structural parameters

:

generate Initial
population

:

calculate the cost
function (Eq. (9))

display optimized
results

selection

recombination

create offspring

create next generation
using offspring & parents

Fig. 3 Scheme of design procedure based on GA

4 Simulation results and discussion

Based on the developed cost function, the simulation
results are presented in this section. All simulations are
accomplished at 4 = 1550 nm and the designed fiber
structure is single mode. The effect of strain on AMFD as

the sensor sensitivity is examined in two distinct states: the
strain impact in the absence of temperature fluctuations and
simultaneous effects of both strain and temperature
changes.

A variation of the refractive index or structural
parameters of the optical fiber, caused by strain and
temperature change, induce a shift of the MFD. The MFD
change can be modeled by the following equation

AMFD =S,.iA€ + S7AT, (10)

where Sgain and St are the strain and temperature
sensitivities respectively, Ae and AT are the strain and
temperature variations respectively. Equation (10) high-
lights the temperature dependence of strain measurement.
In a multilayer optical fiber, the induced strain due to
application of external axial force and the strain caused by
temperature fluctuations are not independent. Figure 4
shows the response of MFD variation of the fiber structure
with the proposed design due to strain. The range of
[—9000 4 9000] pe in this graph covers both compressive
and tensile strains. Conforming the figure exhibited, it is
obvious that generally MFD increases gradually as the
applied compressive strain diminishes and then changes to
the tensile type. In other words, expansion in compressive
and tensile strains lead to contrast effects on MFD and
yield reduction and boost, respectively. Through the
physical point of view, based on Eq. (6) for compressive
strain (¢ < 0) not only is the refractive index variation due
to strain positive but also it has a direct relationship with
the layer refractive index value. So, the difference in the
core and the first cladding layer refractive indexes grows
and thus the light is restricted in the core more than before.
This phenomenon generally reduces the MFD. On the
other hand, for the tensile strain (e > 0) the difference in the
core and the first cladding layer refractive indexes falls.
Hence, the fiber capability to bind the light reduces and the
electrical field spreads more in the cladding region. In other
respects, the field distribution becomes smoother and
consequently the MFD enlarges.
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Fig. 4 MFD vs. compressive (—) and tensile (+) strain
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Table 2 GA results for optimal values of geometrical and optical parameters

parameter a P

0 A Ry Ry

optimum value 2.2462 pm 0.70788

0.2950 0.00455 1.339 -0.721

This curve can be represented mathematically by

MED = 18.6645 x (1 +3.8917 x 10 %).  (11)

The strain sensitivity of MFD was 70.7733 pm/pe.
Compared to the sensitivity of approximately 1.2 pm/pe of
FBG strain sensors [5], the attained result is far better
thanks to the alteration in the nature of indirect parameter
chosen for the sensor, which is AMFD. To have a
meaningful determination of the actual strain, it is
necessary to consider the temperature alterations of the
body, either. Thus, a specific procedure is taken into
account where the strain effect is determined to be the main
parameter and the thermal effect is in secondary con-
sideration. Through the interpolation of the attained
outcomes, the results are mathematically presented by
the following relation

AMFD = 70.7733A¢-3.0031 x 10 °AT.  (12)

Here, —3.0031 x 10°° pm/°C is the temperature sensitivity
of the sensor. The attained results indicate the linear effect
of temperature on AMFD for different applied strains. The
temperature changes in the measurement of the strain has a
reduction impact. In other words, AMFD evaluated in the
absence of thermal effect has a higher value than the one
without temperature variations.

The attained result indicates that the designed optical
strain sensor is approximately insensitive to the tempera-
ture changes in body and hence the complexity of
temperature compensation is whisked away. Note that,
the represented explanations are for the specific fiber
structure designed for strain sensing purpose. The outputs
attained from optimization process are presented in
Table 2.

70.83

For better clarification the temperature insensitivity of
the designed strain sensor for in vivo applications, Fig. 5 is
presented. According to this figure, it is obvious that the
MFD experiences almost no variation due to temperature
variation. On the other hand, the changes in MFD due to
strain is evident.

mode field diameter/um

005
5 0.005

strain

G 0.0[0“0'00:‘

Fig. 5 MFD vs. strain and temperature

An important concept to consider for a sensor being
employed is its reliability. Admittedly, the strain magnitude
affects the sensitivity in a strain sensor. Therefore, in the
second part of this section, it was investigated whether the
different strain magnitudes lead to distinct sensitivities in
the proposed fiber optic sensor. To do so, neglecting the
thermal effect, Sgyan for a range of various maximum
strains in the system was simulated, and the results were
shown in Fig. 6. According to the simulation results, there
is a semi-linear trend for sensor sensitivity-strain curve.
Although for lower strain levels the sensitivity of the

70.82 1
70.81 1
70.80
70.79 -
70.78 -
70.77
70.76 -
70.75
70.74

S.irain/ (PM-micro-strain ')

2013 0 5000

10000 15000
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Fig. 6 Sensor sensitivity vs. applied strain
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sensor was reduced, this decrement was not remarkable,
which confirms the reliability of this sensor.

5 Conclusions

In this paper, a strain sensor by the means of WII type
single mode optical fiber was designed, in which the
indirect parameter for strain measurement was the MFD.
The evolutionary GA was utilized in the design process.
The simulation results admitted the temperature insensi-
tivity of the designed structure for in vivo strain
measurement. The evaluated value for temperature sensi-
tivity was —3.0031 x 10°° pm/°C. Thus, the temperature
compensation techniques was not required in the proposed
fiber structure, which leads to the simplification of its
use. In addition, the obtained strain sensitivity was 70.7733
pm/pe. Although the character of the indirect parameter
employed in this work was different from FBGs, compared
to them with the strain sensitivity of approximately
1.2 pm/ue, higher sensitivity was obtained in this paper.
As a result, more precise monitoring of smaller experi-
enced strains in body is possible. The other feature of this
designed sensors was the almost linear relation of sensor
sensitivity and the induced strain. In other words, the
sensor behavior for the range of loadings in human body
was resistant.
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