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Abstract

Two in-fibre Bragg grating based optical pressure sensors were developed to
address the limitations of conventional solid-state electronic biomedical sensors. The first
sensor, developed for intervertebral disc pressure measurements varying over several
MPa, had a major diameter of only 400 um and sensing area of 0.03 mm?”. This sensor
was validated in spine biomechanics studies and was shown to: give accurate and
repeatable measurements, be compatible with the small (e.g. cervical) discs, and alter disc
mechanics less than the current alternative sensor. This sensor is also the smallest, most
mechanically compliant disc pressure sensor presented to date.

The second FBG sensor was developed to measure sub-kPa pressure variations
and had a major diameter and sensing area of only 200 um and 0.02 mm?, respectively.
This sensor achieves sub-kPa repeatability through a novel design that is approximately

100 times smaller than other FBG sensors presented with sub-kPa pressure repeatability.
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Chapter 1

Introduction

1.1 Background

Since the nineteen-sixties, fibre-optic technologies have been exploited for
biomedical applications [1]. One of the first applications used bundles of optical fibres in
vivo (i.e. in living patients) in an endoscope for the purpose of both illumination and
imaging [1]. Contemporary application of fibre-optic technologies has expanded to
sensing of physical parameters such as strain [2-4], temperature [3-5], and pressure [6, 7]
among others [1]. Pressure measurement in human physiologic systems is an important
subset of the possible applications open to fibre-optic sensors (FOSs) because they can be
used to understand, diagnose, and monitor various pathologies [1, 8-11] and, in some
cases, the current (non-optical) sensing technologies used in these applications have
significant limitations [1]. The main limitations of these electronic sensing technologies,
for example piezoelectric or semiconductor, are high-cost and long-term instability [1].
Moreover, in vivo application of these technologies exposes patients to electrical
connections which could result in electric-shock.

The magnitude of pressure within human physiological systems can vary from a
few kPa to MPa [1]. One clinical application involving relatively low pressure
magnitudes, from approximately 1 kPa to 2 kPa, is monitoring of intracranial pressure [1,
8, 9]. When the human head is subjected to trauma, elevated levels of pressure that are
predominantly caused by brain swelling can result [8]. When intracranial pressure
exceeds normal levels, various modes of brain damage can result including crushing of

brain tissue, shifting of brain structures, and damage resulting from restricted blood and



oxygen supply to brain tissue [1, 8, 9]. Contemporary intracranial pressure sensors
usually consist of miniature (i.e. diameter smaller than 1 mm) piezoresistive catheters that
are extremely fragile, require regular recalibration and, over time, have excessive drift
[1]; experimental non-invasive methods have also been developed but are not in
widespread use [8].

Another application that is relevant in the context of research and clinical settings,
involving relatively high pressures up to approximately 3 MPa, is pressure measurement
within human intervertebral discs (IVDs). Disc pressure is an important indicator of disc
mechanics which is itself closely linked to disc pathology [10, 11]. When pressure
measurement is used in concert with provocative discography, a clinical procedure
designed to identify which or whether the IVD is the source of pain, there is significant
potential to increase the diagnostic power of the discography procedure [12].

In contemporary disc pressure studies, large (i.e. diameter between 1 mm and 3
mm) needle mounted strain-gauge sensors are used [10, 11, 13-16]. However, these
sensors are suspected of altering the disc’s natural biomechanics due to their rigidity and
size [12, 17]. In experimental models with disc heights comparable to the sensor diameter
(e.g. pig or human cervical/thoracic discs), these sensors can interfere with the vertebral
endplates and other anatomic features [12, 14]. These drawbacks limit the utility of the
sensors for ex vivo research (i.e. in cadaver specimens) and can have long term effects on
disc health. Moreover, some investigators believe that they can potentially initiate disc
degeneration [12, 17]. These long term effects have limited the utility of pressure
measurements in conjunction with discography to mainly ex vivo experiments [12].

Moreover, because the strain-gage sensors are too large for cervical/thoracic discs there is



a paucity of both experimental data and understanding of the biomechanics in this region

of the spine [14].

FOSs can avoid some of the problems mentioned above because they possess key
characteristics:

1. Small size and mechanical compliance: FOSs have typical sensing lengths and
diameters of the pum scale; because they are small and usually constructed from silica
glass with a Young’s Modulus and yield strength of 69 GPa and 50 MPa, respectively,
they are robust yet offer little mechanical resistance to applied loads;

2. Biocompatibility: glass is chemically inert, stable, and non toxic. The use of low-
intensity optical signals ensures patient safety, dielectricity ensures optical signals
remain in the core of the optical fibre;

3. Immunity to electromagnetic interference: eliminates the need for external shielding of
the sensor and could potentially allow FOSs to be applied in concert with magnetic
resonance imaging.

The characteristics outlined above make FOSs attractive alternatives to electronic
sensors because FOSs can be both minimally invasive and compatible with other medical
diagnostic/imaging procedures already in widespread use. Moreover, because light is
used to carry information there is the potential to achieve specific multi-parameter
sensing within a single probe [4]. This is because light is described by various parameters
(e.g. wavelength, phase, polarization direction and intensity etc.) that can be modulated to
various extents by different physical variables (e.g. pressure and temperature). Minimally
invasive, multi-parameter sensors are attractive to clinicians because their use can

eliminate the need for repeated invasive tests [1].



1.2 Fibre-optic pressure sensors

FOSs can be grouped into three main categories based upon their principle of
operation: interferometric, intensity modulating and Bragg grating-based [18].
Interferometric sensors can be further classified by their respective geometry or
interference-path configuration. Udd et al. (1991) presents a concise listing of
interferometric sensors types including ring-resonator, Sagnac, Fabry-Perot, Mach-

Zehnder, and Michelson [18].

1.2.1 Interferometric FOSs

Figure 1.1a is a schematic of a fibre-based interferometer. Light leaving the
source enters the coupler and is directed to the sensing length of the interferometer. The
sensing length, L, is the length of optical fibre between the two partially reflective in-
fibre mirrors. Light reflected from the first mirror is directed back into the coupler and
into the light intensity detector. The remaining light, not reflected by the first mirror, is
transmitted along the sensing length to the second mirror. Some of the light incident on
the second mirror is then reflected back toward the first mirror and some of this light is
then transmitted through the first mirror and into the light intensity detector. The result of
these reflections is two interfering light waves entering the intensity detector.

Variations in measurands that act on the sensing length are detected from the

measurand-dependant change in light intensity versus phase delay, ¢, profile of the two

interfering light-waves (Figure 1.1b). The phase delay of light passing through the fibre

is a function of the fibre’s index of refraction, n, the wavelength of the light, 4, and the

sensing length (i.e. ¢:%nL) [18]. Therefore if variations in the measurand cause



changes in either the index of refraction or the sensing length of the fibre, the intensity
versus phase delay profile shown in Figure 1.1b will be altered. Detecting the alterations,
including intensity changes and changes in the period of the profile shown in Figure 1.1b,

is the most common method of sensing the measurand.

Sensing length, L
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Figure 1.1: a) schematic of fibre interferometer [18], and b) light intensity versus phase
delay profile measured by light intensity detector.

Not all interferometers are well suited to pressure measurements. Ring-resonator
interferometers, for example, are best suited to sensing rotation or acceleration of a body
[18]. These interferometers are spatially distributed and require a fixed geometry not
easily miniaturized. For these reasons, this class of sensor is not well-suited for

biomedical applications where extremely small sensors are required.



Sagnac interferometers can be used to measure pressure in certain fibre-optic coil
configurations. However, this configuration is best suited to acoustic measurements, and
not slowly varying pressure signals such as those in the human body [18]. Miniature coil
configurations are also difficult to construct.

Pressure sensors have been reported that employ both the Mach-Zehnder [19] and
Michelson [19, 20] configurations. However, to achieve the appropriate pressure
measurement repeatability for the medical applications already mentioned, these sensor
types must have gage lengths on the order of centimeters to meters, too large for many in
vivo applications. Therefore, the biomedical utility of these sensors is diminished because
of poor spatial resolution. In most cases they are simply too large to be inserted in vivo.

Conversely, Fabry-Perot interferometers can be constructed to achieve both sub-
kPa pressure repeatability as well as sensing lengths and sensor diameters of the sub-mm
scale [21-23]. Unfortunately, miniaturized sensors of this configuration have proven to be
both difficult to construct and fragile [7, 23]. Moreover, interferometric sensors cannot be

easily multiplexed or configured to achieve multi-parameter sensing.

1.2.2 Intensity modulating FOSs

Figure 1.2a is a schematic of a typical fibre-based intensity modulating FOS
system [18]. Light leaving source enters the optical coupler and is directed into another
fibre. At the tip of this fibre there is a sensing element, as shown inset in Figure 1.2b.
Light leaving the core of the fibre is reflected by a deformable reflector (inset Figure
1.2b) and a fraction of this reflected light is coupled back into the fibre core. The fraction
of light that re-enters the fibre core is directed back into the coupler and into the light

intensity detector.
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Figure 1.2: a) schematic of intensity modulating FOS, and b) as the distance, Z, decreases
(shown as —AZ) the intensity of the light measured at the detector increases.

The amount (i.e. intensity) of light that is directed into the detector is a function of
the distance between the fibre end and the inside surface of the deformable reflector, Z.
As shown in Figure 1.2b, when Z decreases (i.e. negative AZ), the intensity of the light
on the detector increases. Variations of a given measurand can then be detected as
variations in Z, which are measured as variations in the light intensity measured by the

detector.



Intensity modulated sensors have been presented with performance comparable to
the Fabry-Perot sensors mentioned above as well as sub-mm sensor diameters [24-26].
However, like the Fabry-Perot sensors, the key drawback with these intensity modulating
sensors is the inability to achieve sensor multiplexing and multi-parameter sensing.

In-fibre Bragg gratings (FBGs) are an attractive alternative to the FOSs discussed
above, as well as piezoelectric, resistive or other semiconductor sensing technologies,
because they posses the key characteristics of other FOSs: small size (typically 125 pm in
diameter), mechanical compliance, chemical inertness, resistance to corrosive
environments and immunity to electromagnetic interference. Unlike the other FOS types,
FBGs are capable of simultaneous multi-parameter sensing when suitably configured
[18]. Multiple FBG sensors can be multiplexed along a single optical fibre thereby
allowing spatially distributed measurements [27]. These intrinsic qualities also make
FBGs attractive for medical pressure measurement applications; mainly because there is
potential to create multi-parameter and minimally invasive sensors that address the

limitations of current miniature sensors [1].

1.2.3 In-fibre Bragg gratings

As shown in Figure 1.3a, a FBG is typically formed within the core of a single-
mode optical fibre [27]. The grating consists of a series of regions of increased refractive
index, N, spaced at a regular period, A, over a finite length of the fibre core; usually
between 2 mm and 10 mm in sensing applications. The regions of increased refractive
index, An, are formed by exposing the Germania-doped fibre core to intense ultraviolet

light at regular intervals of period A [28].



When light spanning a broad range of wavelengths (Figure 1.3a) encounters the
Bragg grating a single narrow spectrum of wavelengths is reflected. This reflected

spectrum is symmetric about the Bragg wavelength, A, (Figure 1.3a and 1.3b) which can
be calculated using the grating period, A, and the refractive index of the fibre core, n_,
using the following relation derived from coupled-mode theory [27]:

Ay =2An, (1)
The maximum reflectivity, R,,,, (Figure 1.3b), of the Bragg grating can be calculated

using the length of the grating, Lg, and An for a given Bragg wavelength as [27]:

Ruax (/?B,Lg) = tanh? {ﬂ[zATn] (%H (2)

Whereas the linewidth, A4y, , of the reflected spectrum (Figure 1.3b) is given by [27]:

w3

The remaining light, that is not reflected, is transmitted past the Bragg grating and

can be used to illuminate subsequent FBGs that are designed to reflect a different Bragg
wavelength than the first Bragg grating. These subsequent gratings can be designed to
reflect distinct Bragg wavelengths by ensuring that the grating period, A, is different in
each grating.

FBGs can be wused as sensors by measuring changes in the Bragg

wavelength, A4, , that result from changes in the measurand. For example, as shown in

Figure 1.1a, tractions, T, applied to the optical fibre result in strain within the FBG that

will cause a predictable change in the Bragg wavelength (Figure 1.3b). The change in the
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Bragg wavelength can be predicted from the principal strains, ¢, , €, , &,, shown in Figure

1.1a, as:

A n,
T%B = gz _70[ pZZ(‘;Z + pzxgx + pZygy] (4)

The coefficients, p,,, p,,, P,, , are positive valued photo-elastic constants [27] that relate

strain magnitude to changes in the fibre-core index of refraction. If the strains are known
functions of the applied tractions, T, the ratio of changes in the Bragg wavelength to

changes in the tractions, A4, /AT, can be predicted [27]. When the strains along the
grating are uniform, the changes in A, will resemble those shown in Figure 1.1b, where

the maximum reflectivity and full-width at half maximum (FWHM) of the spectra remain
constant [27]. If strains along the grating are not uniform, changes in the Bragg
wavelength can be accompanied by reductions in the maximum reflectivity as well as
increased FWHM. Methods to predict changes in the FWHM and maximum reflectivity
are discussed in Appendix A.

As outlined in the above example, sensing with FBGs can be achieved by
measuring Bragg wavelength changes that are caused by strains along the grating. These
strains can be created by many physical parameters including displacement [29], strain

[3], temperature [30], humidity [31], and pressure [30].

1.3 Accuracy, uncertainty, repeatability, resolution and specificity

As will be discussed in subsequent sections and in the Appendices, there are
various methods of measuring Bragg wavelength variations that result from varying

pressure. Each method is subject to errors that affect the overall ability to measure
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pressure. Before these discussions begin, the relevant metrics of measurement

performance are defined:

1. Accuracy: the difference between the measured value and the true value of the
measurand [32].

2. Uncertainty: a calculated quantity corresponding to the first standard deviation in
repeated measurements of the measurand [33]. In this thesis, all measurements are
assumed to be randomly distributed (Gaussian distribution) about the true value.

3. Repeatability: the smallest detectable difference in the measurand that can be
measured on successive measurements [32].

4. Specificity: the ability of a measurement device to respond only to the measurand of
interest [34].

Accuracy is achieved by calibrating sensors using reference pressure sensors that

themselves have excellent accuracy. To achieve long-term accuracy, the sensor system

must be comprised of components that maintain their respective calibrations. Increases in
repeatability are achieved with sensor systems that are capable of detecting increasingly
small variations in wavelength. For the biomedical pressure measurement applications
considered in this thesis, sensor systems with increased pressure measurement
repeatability are required for the reasons outlined in the next section. Specificity of
pressure measurements, in the work presented in this thesis, was achieved by maintaining

isothermal experiment conditions as well as isolating sensors from extraneous loads.
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Figure 1.3: a) schematic showing features of optical fibre including the core, clad and
Bragg grating. When light spanning a broad range of wavelengths encounters the Bragg
grating, a single narrow spectrum of wavelengths centered at the Bragg wavelength, A;,
is reflected while remaining light is transmitted. Tractions, T, applied to the fibre result in
strains, &,,¢, ,&,, within the optical fibre; and b) when the Bragg grating experiences

uniform strains there is a predictable shift in A; while the maximum reflectivity and full-
width at half maximum (FWHM) remain constant.
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1.4 Limitations of current FBG pressure sensors and interrogation schemes

Although bare-FBGs, similar to that shown in Figure 1.3, possess the key
characteristics of FOSs, they also possess poor sensitivity to hydrostatic fluid pressure
and are only suitable for pressure measurements over several MPa. For example, the
sensitivity to pressure, typically expressed in terms of wavelength shift versus change in
applied pressure (€.9. pico-meters (pm) per MPa), of a typical FBG is approximately -3.1
pm/MPa and is a constant over a range of tens of MPa [30]. Wavelength changes are
typically measured using interferometers or optical spectrum analyzers [35] that have
wavelength measurement repeatabilities of, at best, approximately + 1.5 pm at
measurement rates of up to 2 Hz [29]. An estimate of the pressure measurement
repeatability of = 0.5 MPa can be calculated [35] by dividing the wavelength
measurement repeatability (i.e. = 1.5 pm) by the pressure sensitivity (i.e. -3.1 pm/MPa).
This level of repeatability is not appropriate for any biomedical pressure measurement
applications including those described in Section 1.1.

Improvements to the pressure measurement repeatability are achieved by either
designing new instruments capable of highly repeatable wavelength measurements or
designing new FBG sensors that have intrinsically higher sensitivity to pressure. As a
group, instrumentation schemes used to convert wavelength shifts to measurements of
physical parameters are called interrogation schemes. The interrogation schemes can be
classified into three main categories: scanning spectral filters with broadband light
sources [36], scanning narrowband lasers [2] and fixed filters [37, 38]. Figure 1.4 shows

the general layout of these three main interrogation schemes.
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Interrogation schemes based on scanning spectral filters or narrow band scanning
light sources can take many forms but they all operate on a single principle: conversion
of variations in the Bragg wavelength to variations in light intensity that are measured
versus time by intensity detectors. For example, as shown in Figure 1.4a, light leaving the
broadband source is directed into a coupler and then into the FBG sensor. The FBG
sensor reflects a single narrow spectrum centered on the Bragg wavelength based on the
magnitude of the measurand, x. This narrow spectrum is directed into the scanning filter
that transmits light only at a given wavelength. The scanning filter repeatedly scans over
a range of wavelengths (A(t) in Figure 1.4a) and the intensity detector measures the
transmitted light intensity versus time. The time of the peak intensity, t(x), can then be
used to calculate the Bragg wavelength of the sensor using the transmission wavelength,
AM(t), of the scanning filter.

The method by which filters convert wavelength changes to intensity changes is
described using Figure 1.5. Figure 1.5a shows an example spectrum from a FBG-sensor
(in black) and a reflection spectrum from a scanning filter (light grey). As the filter scans

through a pre-determined range of wavelengths during a given time (shown by A(t) in

Figure 1.4a and 1.5a) there is an envelope in the intensity versus wavelength plot where
the filter spectrum and FBG spectrum intersect (dark grey). The amount of light
contained within this envelope is the amount of light that is transmitted through the filter.
This light can be measured, using intensity detectors, as a function of time as shown at
right in Figure 1.4a. As mentioned previously, the Bragg wavelength of the FBG for a
given magnitude of the measurand, x, can then be calculated by converting the time at the

peak detector output (Figure 1.4a) to wavelength using the function A(t) .
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Figure 1.4: Schematics showing a) scanning filter, b) scanning narrowband laser, and c)
fixed filter based interrogation schemes.
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Scanning lasers (Figure 1.4b) can also be used to measure the Bragg wavelength
of a FBG-sensor in a similar manner. In this case the intersection of the laser spectrum
and FBG spectrum (Figure 1.5b) is measured, through time, using the intensity detectors.

Scanning filters and scanning laser systems are typically more expensive than
fixed filters, especially when used with multiplexed or multi-parameter sensors [38].
Both optical spectrum analyzers and interferometers belong to the scanning spectral filter
category. The wavelength measurement repeatability (+ 1.5 pm) stated earlier was for
typical laboratory instruments. Instruments with improved repeatability exist, but can
only be acquired at prohibitive costs. The increased cost is accrued because these
instruments have high-performance scanning mechanisms that are extremely repeatable
and have extremely uniform (through time) scan rates [27]. With more FBG sensors, the
range of wavelengths scanned increases which necessitates even higher performance
lasers/filters, which adds further to system cost [27]. Conversely, fixed filter interrogation
is the lowest cost alternative, has the greatest frequency bandwidth (up to MHz) thereby
allowing extremely rapid measurements, and is easily implemented with multi-parameter
or multiplexed sensors [38].

An example of a fixed filter interrogation scheme is shown in Figure 1.4c. When
the FBG is illuminated using broadband light, the narrow spectrum reflected by the FBG
sensor is directed into the fixed filter that is designed to transmit light at a specific
wavelength. As shown in Figure 1.5¢c, the spectrum of the fixed filter is set to partially
overlap with the reflected spectrum of the Bragg grating. As the Bragg wavelength varies

with changes in the measurand, denoted by A(x), the amount of light captured in the
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intersection varies. The variations of the intensity detector output can then be measured
as a function of the measurand, x, as shown at the right of Figure 1.4c.

Increased resolution, compared to optical spectrum analyzers, is achieved by
using filters that cause large variations in the amount of light in the intersection for a

given wavelength shift, A(x). Fixed filter schemes have been reported that can detect

wavelength shifts 100 times smaller than typical optical spectrum analyzers [2].

Although pressure measurement repeatability can be improved with high
repeatability interrogation schemes alone, FBG sensor systems that achieve
repeatabilities appropriate for biomedical applications must also have FBG sensors with

increased pressure sensitivity. By increasing the Bragg wavelength shift, A4, for a given

applied pressure, AP, the pressure sensitivity increased. If the pressure sensitivity is
increased enough, the limitation on wavelength measurement repeatability can be become
insignificant relative to the wavelength shift caused by variation in pressure.
Numerous FBG sensor designs have been reported that achieve increased sensitivity
through mechanical amplification of pressures applied to the FBG. These designs can
take many forms, including pressure diaphragms with cross-sectional area greater than
that of the bare-fibre [39] and, more commonly, polymer coated FBGs [40-42] as shown
schematically in Figure 1.6.

The polymer coatings on these sensors are formed with diameter, Dp, so large that
the material properties of the optical-fibre can be neglected when calculating the pressure

induced strain in the sensor [43]. The axial strain, ¢, , is then a function of the applied

z

pressure, P, the Poisson ratio,v,, and the Young’s modulus of the polymer, E, [44]:
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For a bare-FBG the pressure-induced axial strain is given by a similar Equation, but the

material properties in Equation 5 are replaced by those of the bare-FBG, v, and Ergg,

respectively. The strain amplification relative to the case of a bare-FBG can be calculated
as the ratio of the axial strain in the polymer coated sensor and the strain in the bare-FBG.
To ensure significant strain amplification these sensors are constructed using polymers
with Young’s modulii much smaller, of the order kPa, than that of a optical-fibre (i.e. 70
GPa [27]). Sheng et al. (2004) and Zhang et al. (2001) have reported on sensors with
pressure sensitivities 10,900 and 1,720 times greater than a bare-FBG with sensors that
are 22 mm and 13 mm in diameter, respectively [44, 45].

In the context of biomedical pressure measurement applications these sensors
have major diameters that are much too large for in vivo applications and could therefore
have limited utility in ex vivo experiments as well. Moreover, sensors of this design do

not retain the advantages offered by FBGs, especially small size. To date, no researchers
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have presented FBG sensors that have both increased pressure sensitivity and major
diameters below 1 mm. If multi-parameter FBG sensors are to be developed for
biomedical applications, sensors that have both increased sensitivity and sub-mm

diameters must first be developed.

1.5 Thesis objectives

The objective of this work is to develop FBG-based pressure sensors that have
increased sensitivity to hydrostatic pressure relative to the case of a bare-FBG, major

diameters smaller than 1 mm, and that are mechanically compliant.

1.6 Methods

The objectives of this thesis were fulfilled with the development of two FBG-
based pressure sensors. The first FBG sensor (hereafter the IVD pressure sensor) has a
major diameter of only 400 pm and pressure sensitivity 7-times greater than that of a
bare-FBG. The IVD sensor was used for pressure measurements within porcine (pig)
IVDs at the Division of Orthopaedic Engineering Research at UBC, and the results
obtained were validated using the current standard strain-gauge sensors. Moreover, when
the IVD sensor was applied within IVDs of small disc height it did not interfere with
vertebral features, unlike the strain-gage sensors. Finally, the results obtained also
suggested that the IVD sensor altered disc mechanics less than the strain-gage sensors.

The second FBG sensor (hereafter the Etched sensor) was constructed with a
major diameter of only 200 um and had pressure sensitivity 20-times greater than that of
a bare-FBG. Calibration results obtained from this sensor show that it has appropriate

repeatability for measurements ranging over kPa.
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1.7 Thesis organization

The work and contributions of this thesis are presented in three manuscripts that

are contained in the appendices:

1. Dennison, CR, Wild, PM, Wilson, DR, and Cripton, PA, 2008, A minimally
invasive in-fibre Bragg grating sensor for intervertebral disc pressure measurements,
Measurement Science and Technology, (IN PRESS)

2. Dennison, CR, Wild, PM, Dvorak, MFS, Wilson, DR, and Cripton, PA, 2008,
Validation of a novel minimally invasive intervertebral disc pressure sensor utilizing in-
fibre Bragg gratings in a porcine model: An ex vivo study, Spine (IN-PRESS)

3. Dennison, CR, and Wild, PM, 2008, Enhanced sensitivity of an in-fibre Bragg
grating pressure sensor achieved through fibre diameter reduction, submitted to

Measurement Science and Technology, June 2008.

The author conducted all experimental work including sensor construction,
calibration and IVD pressure measurements, described in these manuscripts. Sensor
modeling, described in manuscripts one and three, was also performed by the author. The
majority of each manuscript was written by the author.

The manuscripts are contained in appendices A, B and C, respectively. The body
of this thesis contains three chapters, 2 through 4, which describe the key contributions,
methods and significant findings of each manuscript. Chapter 5 presents conclusions and

future work.
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1.8 Other publications

A number of other publications have resulted from application of the IVD sensor

in further IVD and other biomechanics studies.

Refereed journal papers:

1. Dennison, CR, Wild, PM, Byrnes, PWG, Saari, A, Itshayek, E, Wilson, DC, Zhu,
QA, Dvorak, MFS, Cripton, PA, and Wilson, DR, 2008, "EX vivo measurement of lumbar
intervertebral disc pressure using fibre-Bragg gratings," Journal of Biomechanics, 41(1),

pp. 221-225.

Refereed conference publications: (reverse chronological)

1. Jones, CF, Kwon, BK, Dennison, C, Wild, P, Markez, J, and Cripton, PA, A large
animal model to measure cerebrospinal fluid pressures associated with spinal cord injury:
development and preliminary results, submitted to NWBS 2008, Boise State Univ.

2. Jones, CF, Kwon, BK, Itshayek E, Markez, J, Dennison, C, Singlehurst, D, Wild,
P, and Cripton, PA, Development and pilot results from a large animal study to measure
cerebrospinal fluid pressure before, during and after spinal cord injury, accepted for

podium, 4™ Annual Injury Biomechanics Symposium, May 2008, Ohio State Univ.

3. Saari, A, Dennison, C, Wild, P, Dvorak, MFS, Wilson, D, and Cripton, PA,
Intervertebral disc pressure measurements: Influence of disc thickness on disc pressure
during lateral bending, presented to the World Forum for Spine Research, Kyoto, Jan.

2008.
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4, Dennison, C, Saari, A, Wild, P, Dvorak, MFS, Wilson, D, and Cripton PA, Ex
vivo measurement of porcine intervertebral disc pressure during compression and lateral
bending using a novel in-fibre Bragg grating sensor, presented to the World Forum for
Spine Research, Kyoto, Jan. 2008.

5. Dennison C, Saari, A, Wild, P, Dvorak, MFS, Wilson, D, and Cripton, PA,
Comparison of intervertebral disc pressure measurements made with fibre-Bragg gratings
to those made with a contemporary needle mounted sensor ex vivo, presented to the 54"
Annual Meeting of the Orthopaedic Research Society Sept. 2007.

6. Saari, A, Dennison, C, Wild, P, Dvorak, MFS, Wilson, D, and Cripton, PA,
Intervertebral disc pressure during lateral bending, presented at the 54™ Annual Meeting
of the Orthopaedic Research Society Sept. 2007.

7. Wild, P, Dennison, C, Wilson, D, and Cripton, PA, Accuracy of disc pressure
measurements using a new in-fibre Bragg grating sensor, 53rd Annual Meeting:
Orthopaedic Research Society, San Diego, CA, February 2007.

8. Wild, P, Dennison, C, Wilson, DC, Zhu, QA, Byrnes, PWGB, Cripton, PA, and
Wilson, DR, Measurement of Lumbar Disc Pressure using Fibre Bragg Gratings,

Orthopaedic Research Society 52nd Annual Meeting, Chicago, February 2006.

Journal paper 1 describes application of bare-FBG pressure sensors to IVD
pressure measurement. The work described in this paper essentially establishes the
feasibility of implanting FBGs in IVDs and conducting pressure measurements. The
author conducted the experiments and wrote the majority of the paper, including the

revisions.
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Conference publications 1 and 2 describe another application of the IVD pressure
sensor, this time to measurements of cerebrospinal fluid pressure both before and after
simulated impacts to the spinal cord. The author assisted in sensor construction and
calibration and also helped conduct pressure measurements in the cerebrospinal fluid.
The author also assisted in interpreting the results of these studies.

Conference publications 3 through 8 describe various experiments related to the
validation of the IVD pressure sensor. In all cases, the author was either the principal
experimenter, or assisted in experiments. The author also helped write and edit these
publications.

The designs of the IVD and Etched sensor are also protected by two patents as

indicated below.

1. Dennison, C. and P. Wild, Pressure sensor for Biological fluids and use thereof,

US PCT No. 070213 (IVD sensor)

2. Wild, P., and C. Dennison, Micron scale pressure sensors and use thereof, US patent

filed May, 2008.
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Chapter 2

Intervertebral disc pressure sensor (1VD sensor)

The design and modeling of the FBG-based IVD sensor are discussed in this
chapter. An overview of our previous attempts at measuring IVD pressure with bare-FBG
sensors is presented first, to give historical context and establish the need for the new
IVD sensor. The complete manuscript containing the discussions outlined in this chapter

is included as Appendix A.

2.2 Background: measurements of 1VD pressure using bare-FBGs

The mechanical structure of the spine consists of bone vertebrae separated by
intervertebral discs (IVDs). Figure 2.1a shows a motion segment of the spine including
both a superior (upper) and inferior (lower) vertebra separated by the IVD as well as the
bone processes on the posterior of the spine that articulate at the facet joints (Figure
2.1a). To allow application of forces and moments to the motion segment, in €X Vivo
studies, the vertebrae of the motion segment are commonly encased in dental stone
(Figure 2.1b). The dental stone fixtures are then secured to materials testing machines,
and the entire assembly of the motion segment and the dental stone is called a functional
spine unit (FSU). When the spine and, therefore, the motion segment are loaded in
compression (Figure 2.1b) the vertical distance between the vertebrae is reduced, thereby
reducing the IVD height from its nominal unloaded height (Figure 2.1b). When the IVD
height is reduced, there is a corresponding increase in the hydrostatic pressure in the
semi-fluid region in the center of the IVD, termed the nucleus pulposus (Figure 2.1c).

The nucleus pressure is exerted on both the superior and inferior vertebra and on the
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lateral annulus (Figure 2.1c), thereby resulting in equilibrium of loads. In healthy lumbar
discs, nucleus pressure increases linearly with applied compressive load (Figure 2.2).
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Intervertebral disc
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Fixation to machine base
Figure 2.1: a) schematic of motion segment of human spine; b) motion spine with
vertebra embedded in dental stone and generic sensor inserted into disc, this assembly is
termed a functional spine unit (FSU); and c) hydrostatic pressure created within nucleus
of IVD, as a result of compressive load. Bare-FBG sensor inserted through 27ga.
hypodermic needle into the center of the nucleus.
In an attempt to establish the feasibility of implanting FBGs within IVDs,

pressure measurements were conducted in five human cadaveric specimens using bare-

FBGs and the current standard strain-gauge sensors. The results obtained from the bare-
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FBG were compared to those presented in previous IVD pressure studies and those
obtained from strain-gauge sensors [16].

The bare-FBGs (10 mm length, A, of 1550 nm, Blue Road Research, Gresham

OR) were calibrated to measure hydrostatic pressure over a 0 MPa to 3 MPa range and
were found to have a sensitivity of -5.7 pm/MPa [16]. The FBG insertion process started
by first inserting a 27ga. hypodermic needle through the outer annulus and into the
nucleus space (Figure 2.1c). The FBG was then inserted into the bore of the needle, and
advanced through it until the FBG was located at the approximate center of the nucleus
(Figure 2.1b and 2.1c). Compressive loads were then applied (Figure 2.1b) from 0 N to
2000 N to O N at 200 N/s; these loads are typical of those presented in the literature [11,
14, 16]. Pressure was measured as a function of applied compressive load using the pre-
calibrated bare-FBGs and an optical spectrum analyzer (OSA, Ando AQ6331, Tokyo,
Japan). Strain-gauge sensors were also implanted and used to measure IVD pressure in a
manner identical to that described in the literature [11, 16].

Although the results (Figure 2.2) agreed with results published in previous disc
pressure studies [10, 11, 13, 46] and established that IVD pressure measurement with
FBGs was feasible, they also outlined key limitations with the bare-FBG sensors. First, as
shown by the error bars in Figure 2.2a, there was significant uncertainty in FBG pressure
measurements, partly because pressure measurements were calculated based on
wavelength measurements using the OSA. The error bars shown in Figure 2.2a were
calculated, using linear-regression, based on the wavelength measurement repeatability of
the OSA and the load-cell of the materials testing machine [16]. As discussed in Section

1.4, converting wavelength measurements to pressure can result in poor repeatability over
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the pressure ranges experienced in the IVD. Improving the repeatability of pressure
measurement is a crucial step in developing FBG sensors capable of resolving subtle
pressure variations that may result from various factors affecting disc mechanics.

Another key limitation in this study was the lack of agreement between the bare-
FBG-measured (Figure 2.2a) and strain-gauge-measured (Figure 2.2b) IVD pressure [16].
Part of the lack of agreement was attributed to degenerated discs that had inhomogeneous
nucleus composition. It was hypothesized that the inhomogeneity could have included
solid inclusions in the nucleus that had sizes comparable to that of the bare-FBG sensing
length (10 mm). These solid inclusions could have caused non-hydrostatic (i.e.
directional) pressure within the nucleus. Pressure measurements from the bare-FBG
could have had poor accuracy because the bare-FBGs were only calibrated for hydrostatic
pressure. To be able to test this hypothesis further, a FBG sensor with a smaller sensing
area was required. By limiting pressure measurements to a small sensing area, variations
in the pressure throughout the nucleus (caused by inhomogeneity) can be mapped.

o Specimen 3: FBG data for increasing load o Specimen 3: Strain-gauge data for increasing load
Regression line Regression line
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Figure 2.2: a) typical pressure versus compressive load data obtained using bare-FBG;
and b) typical data obtained using the strain-gauge sensor [16].
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The final limitation of the bare-FBG sensor was poor spatial resolution. Because
the effective sensing length of the bare-FBG was 10 mm (i.e. the length of the grating)
spatial pressure variations over length scales smaller than 10 mm could not be resolved. It
is crucial to improve the spatial resolution by reducing the size of the sensing region
because current research topics in spine biomechanics rely heavily on data from pressure

profilometry within the nucleus [15, 47].

2.2 The VD pressure sensor

The design of the IVD pressure sensor is shown in Figure 2a and 2b in Appendix
A. Hereafter a figure naming convention following the format Figure A2a will be used in
reference to Figure 2a in Appendix A, for example. The FBG sensor is comprised of a
single-mode optical fibre (Dow Corning SMF-28, Midland MI) housed within a length of
stainless steel hypodermic tube (0.4 mm outside diameter and 0.1 mm wall thickness).
The fibre is positioned such that it is coaxial with the hypodermic tube and such that its
tip is flush with the (inserted) right hand end of the hypodermic tube. A Bragg grating
(Blue Road Research, Gresham OR, 10 mm length) is etched into the core of the fibre
and is positioned at the right hand end of the fibre. The annular volume between the
inside diameter of the hypodermic tube and the outside diameter of the optical fibre is
filled with a compliant silicone sealant (Dow Corning 3140 RTV, Midland MI). The
silicone is bonded to the inner surface of the hypodermic tube and to the outer surface of
the fibre. The sensing region of the sensor consists of the exposed surfaces of silicone
sealant and optical fibre at the right hand end of the tube and has an area of only 0.03
mm”. At the left hand end, the hypodermic tube is gripped in a modified optical fibre

patch-chord connector within which a connection is made to an optical patch cord. The



30

length of tube that extends from the fitting is called the probe. In the current sensor, the
probe is 50 mm in length but the sensor can be constructed with any probe length. The
optical patch cord connects to the interrogation system for the sensor.

When the probe of the IVD sensor is exposed to hydrostatic pressure, the pressure
acts on the cylindrical outer surface of the hypodermic tube and on the sensing region
(Figure A2a and A2b). Relative to the silicone, the tube is rigid and, therefore, shields
the optical fibre from the effects of the pressure on the outer cylindrical surface of the
tube. The pressure applied to the sensing region causes strains in the silicone sealant and
the FBG. Because the FBG is housed within the hypodermic and shielded from pressure
along its circumferential surface, the greatest strains along the FBG are compressive and

in the z-direction (Figure 1.3a), thereby resulting in large axial strains, ¢, (Figure A9)
relative to the transverse strains, ¢, and ¢, (Figure A9). As discussed in Chapter 1 and as

shown by Equation 4, pressure-induced strains in the FBG induce changes in its Bragg

wavelength, 4, , the characteristic wavelength of light that is reflected from a FBG [18].

By ensuring that the axial strains are large compared to the transverse strains, the
pressure sensitivity is increased relative to the case of a bare-FBG. This can be
understood by establishing the relative contributions to the Bragg wavelength shift as

given by Equation 4. The first term on the right hand side of the equation is the axial

Al

strain, &,, therefore the wavelength shift, Z is directly proportional to the axial strain.

The second term in Equation 4 relates strain to wavelength shift through the photo-elastic

constants, p,,and p, = p,,, which have the values 0.252 and 0.113, respectively [27].

Xy ?
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This second term is also pre-multiplied by %whlch evaluates to 1.04 when n =1.44

[27]. Therefore, the contribution to the Bragg wavelength shift, given by this second
term, is much smaller than that given by the axial strain because each strain term is pre-
multiplied by either 0.252 or 0.113. Because the largest strains in the IVD sensor are
axial strains and because axial strains have the greatest contribution to the wavelength
shift (Equation 4), the IVD sensor has increased sensitivity as a direct result of shielding

the FBG within the hypodermic tube.

2.3 1VD sensor modeling

In an effort to understand the strain-fields within the IVD sensor, as well as to

predict the pressure sensitivity, AA, /AP, a combination structural finite-element and

strain-optic model was developed. The complete description of this model is detailed in
Section 3 of Appendix A, however the details are outlined here.

The structural finite-element model was implemented and solved using ANSYS®
(ANSYS®, version 10, Canonsburg PA). Both nodal convergence and mesh

independence were established before using the model to predict strains, ¢ ,& ,¢&

22 €x5 &y
(relative to the coordinate system in Figure A3a), along the optical fibre.

Because the strains were predicted to linearly vary with position along the Bragg
grating (Figure A4a) the strain-optic equations presented in Section 1.3, that are suitable
only for uniform strains, could not be applied to predict shifts in the Bragg wavelength.
Instead, the transfer-matrix formalism presented by Huang et al. (1995) was applied [48].

The details of its implementation are described fully in Appendix A.
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2.4 Performance of the IVD pressure sensor

Experimental data in the form of Bragg wavelength versus applied hydrostatic
pressure, ranging from 0 MPa to 3 MPa, was obtained using a purpose-built calibration
apparatus. This experimental data was collected to allow validation of the FBG sensor
finite-element/strain-optic model predicted sensor sensitivity.

The calibration apparatus was configured similarly to that described by Xu et al.
(1993) [30] and included a broad C-band light source (AFC-BBS1550, Milpitas CA), a
bi-directional 3 dB optical coupler (Blue Road Research, Gresham OR), an optical
spectrum analyzer (OSA) (ANDO AQ6331, Tokyo JP), a purpose built pressure vessel
and a reference pressure transducer (OMEGADyne PX01C1, Stamford CT, Acc.: 0.05%
FS — 6.9 MPa).

The FBG sensor was inserted into the pressure vessel and sealed via a bulkhead
fitting. Pressure was manually varied from 0 MPa to 3 MPa to 0 MPa (as reported by the
reference transducer) using a manual hydraulic pump (ENERPAC P141, Milwaukee WI)
while Bragg wavelength variations were recorded from the OSA. This procedure was
repeated five times.

The finite-element strain-optic model (hereafter the model) predicted sensitivity

to pressure, A4, /AP, was -23.9 pm/MPa, and the Bragg wavelength shift varied linearly

(1*=1.0) with applied pressure. The experimentally measured pressure sensitivity was
found to be -21.5 pm/MPa and the measured variations in Bragg wavelength varied
linearly (*=0.99) with applied pressure.

We also commissioned optical interrogation equipment designed to convert

changes in Bragg wavelength to analogue voltages similar to that described in Nunes et
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al. (2004) [37]. The fixed filter demodulation technique allows direct calibration of the
FBG sensor in terms of analogue voltage versus pressure. This demodulation technique,
and the calibration apparatus, was used to calibrate the FBG sensor from 0 MPa to 3
MPa. Analogue voltage versus applied pressure was acquired at 60 Hz and the average
sensitivity of the sensor, and standard error in pressure measurement, was calculated from
10 calibration datasets acquired using hardware and software implemented in LabView©

(Version 8, Austin TX).

2.5 IVD pressure measurements

The IVD sensor was validated against the strain-gauge sensor (shown in Figure
A7) by performing pressure measurements within a cadaveric porcine (pig) FSU. Each
sensor was inserted along three insertion axes, as shown in Figure A6, using a procedure
similar to that described for the bare-FBG. The procedure is described in Section 3.5 of
Appendix A.

The disc response to load (Figure A12 and Table Al and A2) measured by the
IVD sensor and strain-gauge sensor showed excellent agreement. The relative difference
in the disc response to load, between the IVD and strain-gauge sensors, for insertion axes
one through three respectively were 28.4%, 3.73%, and 1.98%. For the maximum
measured pressure the relative differences were respectively 37.7%, 6.00%, and 1.99%.
The large relative differences for insertion axis 1 were attributed to interference between
the strain-gauge and the vertebra of the FSU. The effect of interference will be fully
discussed in Chapter 3.

IVD pressure measurements performed using the FBG sensor also showed

excellent repeatability (Table Al). For sensor insertions axes one through three,
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respectively, the relative difference in the disc response to load between subsequent
measurements was only 0.4%, 6.5%, and 1.0% with similar results for the maximum

measured pressure.

2.6 Discussion

A key strength of this work is that the FBG sensor has a sensitivity (i.e. -21.5
pm/MPa) approximately 7 times greater than that of a bare-FBG sensor (-3.1 pm/MPa)
while maintaining extremely small size (400 pm major diameter) and high spatial
resolution by limiting the sensing region to the probe tip. This is an improvement relative
to other FBG sensors presented in the literature that employ pressure amplification
schemes that significantly increase their length or major diameter. Examples include the
sensors described in Section 1.4 of this thesis.

This sensor is also smaller than all previously reported IVD pressure sensors of
which the smallest had a 1.3mm diameter [49]. Therefore it has the potential to address
the limitations associated with needle mounted sensors because of its small size and its
mechanical compliance. Unlike the large (1.3 mm to 3 mm diameter) and rigid needle
mounted sensors, the FBG sensor could be used in discs with small disc height such as in
the cervical spine or in degenerated discs. In cervical spine specifically there is a paucity
of experimental data; therefore there is potential contribute new understanding of the

biomechanics in this less-studied region of the spine.

2.7 Summary

The IVD pressure measurement results presented established that the IVD sensor

was capable of measuring pressure within IVDs. To establish that the IVD sensor
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addressed the limitations of the bare-FBG and strain-gauge sensors an in-depth ex vivo

study was necessary. This study is detailed in Chapter 3.
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Chapter 3

Ex vivo validation of I'VD sensor

This chapter discusses the disc pressure study designed to validate the IVD sensor
for pressure measurements under various loading conditions on the FSU. The structure
and methods of the validation study are briefly outlined. Results are then presented that
establish the validity of the pressure measurements and suggest that the new IVD sensor
impacts disc mechanics less than the current standard strain-gauge sensor. The complete
manuscript containing the majority of the discussions outlined in this chapter is included

as Appendix B.

3.1 Methods

Structure:

The main methods of the wvalidation study consisted of IVD pressure
measurements within the discs of porcine FSUs that were subjected to two different
loading protocols. The first protocol (the compression protocol) was designed to establish
the accuracy of the IVD sensor. Compressive loads were applied to the FSUs and disc
pressure was measured using both the IVD and strain-gauge sensors. The accuracy of the
IVD sensor was established by comparing IVD sensor measurements to those obtained
using the strain-gauge sensors that are the widely accepted standard tool for disc pressure
measurements [11, 17, 49] (shown in Figure B2). By establishing the accuracy of the
IVD sensor relative to strain-gauge measurements, it is implied that the strain-gauge

sensor measures the true pressure.
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After validation in the compression protocol, the IVD sensor was then used to
measure disc pressure resulting from applied lateral bending moments (the bending
protocol). The results from the bending protocol were then compared to those in the
literature to qualitatively validate the IVD sensor measurements. All experimental
methods used were consistent with those published in the existing literature for disc
pressure measurements for compression [14] and bending [50].

Cadaver material:

Six lumbar FSUs were prepared for the compression protocol, and nine more for
the bending protocol. As described in Appendix B, the lumbar spine specimens were
harvested fresh and were dissected of all muscle tissues. The spines were then segmented
resulting in motion segments consisting of upper and lower vertebrae separated by an
IVD. The posterior ligaments (Figure 3.1a) were left intact. The vertebrae of the motion
segment were then encased in dental stone, as shown schematically in Figure 3.1b.

Sensor insertions:

As shown in Figure B3a and B3b, the sensors were inserted using a similar
method to that already described for the bare-FBG experiments. Both the IVD and strain-
gauge sensor insertions were randomized over three insertion locations (Figure B3b).
Loading:

A simple schematic of the FSU-loading geometry is shown in Figure 3.1. The
compression protocol consisted of loads from ON to SOON, with a one-second hold at 500
N, and then back to ON, at a 40N/s loading rate for both loading and unloading phases.

The bending protocol consisted of applied moments ranging from +3 Nm to -3 Nm and
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the angular rate of displacement of the load-cell was controlled to be nominally 2 degrees
per second with a continuous motion.
Compressive load

L e o

Calibrated

FBG sensor

Dental stone

1 T [ B N . . .

Superior i ey { ) Insertion location
: R A I - for FBG sensor
Anterior o
T
Side-view T . . _— Anterior-view
Fixation to machine base

a) b)

Figure 3.1: a) schematic of FSU and load application in compression protocol; and b) in
bending protocol.

3.2 Compression protocol results and discussion

For both the IVD and strain-gauge sensors, disc pressure varied linearly with
applied compressive load (Table BI and B2). The mean coefficient of determination (r°)
for the IVD sensor data was 0.97 and ranged from 0.90 to 0.99, while for the strain-gauge
sensor data the mean coefficient of determination was 0.99 with a range from 0.97 to
0.99. This finding is also consistent with data published by previous investigators [13, 14,
49].

In 50 % of all trials the strain-gauge sensor interfered with the upper and lower
vertebra during application of compressive loads, as shown schematically in Figure 3.2a.

Typical results for these trials are plotted in Figure 3.2b. In these trials, the mean
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difference in the disc response to load (Table B2) was 21.4% and ranged from 9.06% to
28.4%, and for the maximum measured pressure (Figure 3.2b) the mean difference was

22.2% and ranged from 12.3% to 30.4% (Table B2).
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Figure 3.2: a) schematic showing interference of strain-gauge sensor and vertebra; b)
typical pressure versus load results for the cases where interference occurred; and c)
when it did not. Maximum measured pressure is measured pressure at 500 N. Disc
response to load is the regression-calculated slope of pressure versus load data.

Typically, and as shown in Figure 3.2b, when the strain-gauge interfered with the
vertebra it measured lower maximum pressures and disc response to load, as compared to

the IVD sensor. We hypothesize that interference of the strain-gauge sensor with the

vertebra could have caused load transmission through the strain-gauge sensor instead of
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the IVD thereby resulting in reduced disc pressure. When interference did not occur, the
strain-gauge and IVD sensor measurements showed excellent agreement. The mean
relative difference between the disc response to load for the IVD sensor and strain-gauge
sensor results was 9.39% and for the maximum measured pressure was 9.11%. We were
the first group to obtain experimental data that suggested there is a quantifiable effect of
sensor size on disc pressure. This effect has been suggested by previous investigators [12,

14, 16].

3.3 Bending protocol results and discussion

The results presented in this section are not included in the Appendix. They are
however detailed in Refereed conference publication three (see Section 1.8) [51].

There was a difference in the variations of disc pressure versus applied moment
when the results were suitably categorized based on disc geometry. As shown Figure
3.3a, each disc of each FSU had its disc height, H, and width, W, measured after
experimentation was completed. A disc thickness metric was then calculated for each
FSU, as the ratio H/W. The average value of thickness metric was 0.12 [51].

When the ratio H/W was greater than 0.12 the shape of the disc pressure versus
applied moment profile resembled that shown in Figure 3.3c. As the magnitude of the
applied moment increased, the magnitude of the measured pressure had a corresponding
increase, and the profile was typically symmetric (Figure 3.3¢). When the ratio H/W was
less than 0.12 the shape of the disc pressure versus applied moment profile resembled
that shown in Figure 3.3d. As the magnitude of the applied moment increased, the

magnitude of the measured pressure had a corresponding decrease, and the profile was
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typically symmetric (Figure 3.3d). Both of the profile shapes shown in Figure3.3 have

been presented in the literature, for FSUs subjected to lateral bending [49, 50].
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Figure 3.3: a) hypothesized disc deflection in relatively thick disc with H/W > 0.12; and
b) for discs with H/'W < 0.12; ¢) typical pressure versus moment profile for H/W > 0.12;
and d) for H/W < 0.12.

However, to our knowledge we are the first to measure both profile shapes shown

in Figure 3.3 in a single study. We hypothesize that that in discs with H/W > 0.12,

because the disc is relatively thick the upper vertebra are free to rotate about an axis of

rotation that is essentially static (Figure 3.3a). Conversely, in thinner discs we

hypothesize that vertebral contact could occur (Figure 3.3b), resulting in a shift of the

axis of rotation to the point of contact. In this scenario, the nucleus volume could

potentially increase (Figure 3.3b) leading to pressure decreases (Figure 3.3d). Further
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testing of these hypothesis remains for future work. In these future studies, disc
displacements will be noted as a function of applied moment to allow experimental

verification of these hypotheses.

3.4 Summary

The results of the validation study established the accuracy of the IVD sensor.
When strain-gauge interference was not noted the IVD and strain-gauge measured
pressures were comparable. The results also suggested that the IVD sensor was less
invasive than the strain-gauge and that sensor size, and disc shape, are relevant to disc
pressure magnitudes.

From the perspective of spine biomechanics researchers these results are exciting
for various reasons. The development of the IVD sensor could equip researchers with a
tool that does not alter mechanics to the same degree as the current strain-gauge sensors.
A corollary to this is the potential to test historic pressure data obtained using past
sensors, and therefore test the accepted understanding of spine biomechanics. There is
also potential to make pressure measurements in discs that have, until now, had small
discs heights that would not allow insertion of the strain-gauges. There is also potential to
measure performance of corrective spine implants (e.g. fusion plates, artificial discs)
which is a current area of intense research. All of these areas will be the focus of future
research.

To allow pressure measurements in the remaining biomedical applications listed
in Chapter 1 (i.e. cerebrospinal) a pressure sensor with further increased pressure
sensitivity is required. The development of a new FBG sensor, the Etched sensor, that

possesses the required sensitivity is described in Chapter 4.
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Chapter 4

Etched sensor

This chapter describes the development of the Etched sensor. The design is
presented first followed by the modeling and then experimental work done to validate the
model-predicted pressure sensitivity increases in this new sensor design. The complete
manuscript containing the discussions in this chapter is included as Appendix C.

The overall objective of this work was to create a FBG-based pressure sensor with
a major diameter smaller than that of the IVD sensor that is capable of measuring

pressure variations of the order kPa.

4.1 Design concept

The features of the Etched sensor are shown in Figure 4.1a through 4.1c (also in
Figure C1). As shown in Figure 4.1a the Etched sensor is similar in configuration to our
previous IVD sensor in as much as both sensors utilize a length of stainless steel
hypodermic tube that houses the FBG. The probe (Figure 4.1a) is gripped at its left hand
end in a strain-relief connector that consists of a modified optical fibre patch-chord
connector; within which a connection is made to an optical patch-cord. The optical patch-
cord connects to the interrogation system for the sensor. The internal design features
unique to the Etched sensor are shown in Figure 4.1b.

A single-mode optical fibre (Dow Corning SMF-28, Midland MI) is housed
within, and positioned along the center-line of the stainless steel hypodermic tube. The
fibre is positioned such that its terminal end is approximately aligned with the tip of the

hypodermic tube. At the right-hand end of the hypodermic tube (Figure 4.1b), there is a
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silicone seal (Dow Corning 3140 RTV, Midland MI) that covers the end of the
hypodermic tube and occupies the annular volume between the inside diameter of the
tube, Dt (Figure 4.1c), and the outside diameter of the optical fibre, Df (Figure 4.1c).

Patch-chord
containing optical fibre

W Strain-relief \ / Probe

a)

Section
Bragg grating (10mm length) view
Single-mode optical fibre

300 series stainless steel (SMF-28) 125 ym diameter

hypodermic tube Air-space
Silicone sealant
Epoxy VV
\y | . I‘ | BN B . I’/I | . 4 ‘ /E
W SenSing
b) —De Df— region
e r & f
R EEEEEE R R J Dti Do
‘ IV\/\/\/W\/\/\/\/\/\/\/W\AMADj
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) Lg Ls
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Figure 4.1: a) through c) design features of the Etched sensor; and d), e) Etched sensor
with applied hydrostatic pressure.

The length of the silicone seal that extends (from right to left in Figure 4.1b) from the
hypodermic tube tip toward the Bragg grating is designated as, Ls (Figure 4.1¢). To the
left of the length of fibre contained within the silicone, Ls, there is a segment of fibre that

has reduced diameter, De (Figure 4.1c), that also contains the Bragg grating (10 mm
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length, Micron Optics, Atlanta GA). The diameter of the fibre is reduced through a
chemical etching process that is described in Appendix C. The nominal length of the fibre
that is reduced in diameter and contains the Bragg grating is designated as, Lg (Figure
4.1c). To the left of the fibre segment of length Lg, the single-mode fibre extends toward
the left, is 125 um in diameter and is fixed in place with epoxy. The volume between the
outside diameter of the fibre and the inside diameter of the hypodermic tube, over the
length of the sensor between the silicone and epoxy, is occupied by air (Figure 4.1b),
nominally at atmospheric pressure.

When the probe of the sensor is exposed to hydrostatic pressure (Figure 4.1d and
4.1e), this pressure acts on the cylindrical outer surface of the hypodermic tube and on
the sensing region (Figure 4.1b). Relative to the silicone, the tube is rigid and, therefore,
shields the optical fibre from the effects of the pressure on the outer cylindrical surface of
the tube. The pressure applied to the sensing region (Figure 4.1b) causes strains in the
silicone sealant and the optical fibre. Because there is a reduction in the cross sectional
area where the fibre diameter transitions from Df to De, the strains along the region of
fibre with length, Lg, and diameter, De, are amplified relative to the strains in the
segment of fibre with diameter, Df. As described in the literature, strains in the FBG

induce changes in its Bragg wavelength, A, , the characteristic wavelength of light that is
reflected from a FBG. Consequently, shifts in A, are amplified (relative to the case where

Df is equal to De) by etching the fibre cross section in the region of the grating.
Therefore, the pressure sensitivity is also amplified by etching the fibre as described

above.
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4.2 Modeling and prototyping

As with the IVD sensor, a combination finite-element strain-optic model was used
to predict the pressure induced shifts in the Bragg wavelength and the pressure sensitivity
of the Etched sensor. For a given applied pressure on the sensor, the strains within the
optical-fibre and along the Bragg grating were calculated using the finite-element model.
These strains were then used as inputs to the strain-optic model to predict the
corresponding shift in the Bragg wavelength. The pressure sensitivity of the Etched
sensor was calculated by finding the Bragg wavelength shift for various applied pressures
and using linear-regression to find the slope of the wavelength shift versus applied

pressure data. The slope is termed pressure sensitivity, A4, / AP, and is expressed in units

of picometers (pm) of wavelength shift versus change in applied pressure (MPa) or
pm/MPa. The details of the finite-element and strain-optic model are completely detailed
in Sections 2.3 and 2.4 of Appendix C.

The model was also used to study the effect, on sensor sensitivity, of varying the
size of the design features shown in Figure 4.1c. Starting with a base-model (hereafter
prototype 1), the design features were incrementally varied one at a time, and holding the
size of all other features constant, over a range of values listed in Table C1. At each
increment the effect, either an increase or decrease, on sensor sensitivity was assessed by
calculating the strains along the Bragg grating. For example, if the strains in the Bragg
grating of a given model were greater in magnitude than those of prototype 1, the sensor
sensitivity was increased because the magnitude of Bragg wavelength shift is directly

proportional to strain magnitude.
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Three sensor prototypes were constructed and calibrated to test the model-
predicted increases/decreases in sensitivity. The design feature sizes for each of the three
prototypes are listed in Table 1. All prototypes were constructed with Ls and Lg of
approximately 1.4 mm and 15 mm, respectively. Sensors with smaller values of Ls were
constructed, however consistent sealing was difficult to achieve with Ls less than 1 mm,
partly due to problems with sensor construction methods. Work is currently underway to
improve the consistency of sensor construction using dedicated fixtures. Lg was held
constant because the Bragg grating manufacturer could only supply gratings of 10 mm
nominal length. Lg of 15 mm guaranteed that the gratings would be contained along the
etched section of fibre, and also afforded a generous margin of error for chemical etching.

The justifications for the rest of the design features are discussed in the next section.

4.3 Model and experimental results

Typical model-predicted strains for prototype 1 (Table C2) are shown in Figure
C4a. From right to left along the sensor (Figure C4a), both axial and transverse strains
have constant magnitude along Ls until the cross-sectional diameter of the fibre
transitions from Df to De. Along the length of the fibre that is etched, the strains are
amplified relative to those encountered along the fibre length Ls, as shown by the abrupt
increase in strain magnitude at the start of Lg (Figure C4a). Progressing towards the
length of fibre supported by the epoxy, the strain magnitudes diminish where the fibre
diameter increases from De to Df. The general shape of the strain versus position profiles
plotted in Figure C4a are typical of all prototypes, however magnitudes of strains vary

between prototypes.
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Table 1: Design feature sizes, model-predicted pressure sensitivity and experimentally
measured pressure sensitivity for sensor prototypes.

Predicted pressure Experimentally measured
. sensitivity pressure sensitivity
Prototype DeSIg;?desamre (pm/MPa) (pm/MPa)

and and

()" ()"
De=65 pm
Df=125 pm

(1) -62.4 -60.3
Dt=200 pm

Do=400 um 1.00 0.99
Lg=15 mm
Ls=1.4 mm
De=37 um
Df=125 um

(2) -68.7 -64.2
Dt=178 um

Do=356 pm 1.00 0.99
Lg=15 mm
Ls=1.4 mm
De=25 pm
Df=25 um

3) -59.9 -58.7
Dt=165 um

Do=200 pm 1.00 0.99
Lg=15 mm
Ls=1.4 mm

+ . . . . .
Notes: ~ correlation coefficients obtained from regression calculations

Figures C5a through C5e show the increases and decreases in strain along the
grating resulting from varying the size of the design features shown in Figure 11c. The
range of sizes of the design features correspond to ranges that could be constructed using
available tubing and construction methods and are tabulated in Table C1. All increases
and decreases in strain are plotted relative to strains in prototype 1. The key design

compromises between sensor feature size and sensitivity are summarized below.
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Sensors with reduced major diameter, Do, must have reduced inner diameter, Dt,
as well. This is because hypodermic tube manufacturers cannot draw tubing of arbitrary
wall thickness. As shown in Figure C5b, reductions in Dt result in reduced strain, 65 %
relative to prototype 1, and therefore will reduce sensitivity. Reductions in Df also result
in decreased strain (23 % in Figure C5c) because as Df decreases more load is born by
the silicone and not the fibre. Shorter sensors will have increased sensitivity as shown by
Figures C5d and C5e. When Lg or Ls is reduced, there is a corresponding increase in the
strain of 42 % and 44 %, respectively. Reductions in the etched section diameter, De,
have the greatest impact on sensitivity as shown in Figure C5a and C5c. For example,
reducing De from 65 pm (as in prototype 1), to 25 um results in a predicted strain
increase of 947 %.

Both the model and experimental results established that the Etched geometry can
result in sensors with diameter smaller than the IVD sensor and pressure sensitivity that is
greater. The feature sizes of the three prototypes are shown in Table 1. Prototype 1 was
modeled and constructed with Do equal to that of the IVD sensor (i.e. 400 pm) so that
sensitivity increases, relative to the IVD sensor, resulting from the new sensor geometry
and fibre etching could first be established. As shown in Table 1, the model predicted
sensitivity was -62.4 pm/MPa or approximately three-times greater than that of the IVD
sensor. The experimentally measured and predicted sensitivities matched to within 3.5 %
where the experimental sensitivity is the reference for comparison. The calibration of the
Etched sensors was performed using similar protocols and equipment to that utilized for

the IVD sensor.
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As shown in Table 1, prototypes 2 and 3 also had increased sensitivity compared
to the IVD sensor and were constructed with major diameters of 356 pm and 200 um,
respectively. The predicted sensitivity of prototypes 2 and 3 were -68.7 pm/MPa and -
59.9 pm/MPa, respectively. To offset the sensitivity reduction that results from
decreasing diameter (Figure C5b) the etched fibre diameter was reduced in these
prototypes as well (Table 1). The experimentally measured and predicted sensitivities
matched to within 7.0 % and 2.0 % for prototypes 2 and 3, respectively.

Calibration results obtained using the fixed-filter demodulation technique, similar
to that used with the IVD sensor, suggest that the increased pressure sensitivity of the
Etched sensor could allow pressure measurements with sub-kPa repeatability. Example
calibration data is plotted in Figure C7, and the regression calculated uncertainty in

pressure measurement was found to be + 0.36 kPa.

4.4 Summary

Significant improvements in sensitivity relative to the IVD sensor, and other FBG
sensors in the literature, were achieved with development of the Etched sensor. To our
knowledge, the Etched sensor is the only FBG-based sensor that is capable of measuring
pressure with sub-kPa repeatability that also has a major diameter small enough for
biomedical applications.

Chapter 5 describes the conclusions and future work resulting from the work

presented in this thesis.
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Chapter 5

Conclusions and Future Work

The objective of this work was to develop FBG-based pressure sensors that have
increased sensitivity to hydrostatic pressure, relative to bare-FBGs, that also retain the
desirable characteristics of FOSs, including small size and mechanical compliance.

A FBG-based intervertebral disc pressure sensor (IVD sensor shown in Figure
A2a) was developed and validated. This sensor has a major diameter of 400 um, an active
sensing area of only 0.03 mm?’, and pressure sensitivity seven times greater than the
sensitivity of a bare fibre FBG. When interrogated using fixed-filter demodulation, the
IVD sensor was capable of resolving pressure variations smaller than 1 MPa. This sensor
is also smaller and more mechanically compliant than any previously reported IVD
pressure sensor.

The IVD sensor performance was validated by conducting disc pressure studies at
the Department of Orthopaedic Engineering Research at the University of British
Columbia. Disc pressure was measured in cadaveric pig FSUs using both the IVD sensor
and the current standard strain-gauge sensor as a function of both compressive loads and
lateral bending moments. Disc pressure measurements obtained using the IVD sensor
agreed with those from the strain-gauge sensor and also those published in the literature.

The disc pressures measured during compressive loading, and the experimental
observations, suggested that the IVD sensor impacted disc mechanics less (i.e. was less
invasive) than the strain-gauge sensor. In general, the IVD sensor measured higher
pressures than the strain-gauge sensor. The main cause of this was believed to be

interference between the vertebrae of the FSU and the large strain-gauge sensor (2.45 mm
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diameter). We hypothesized that loads were partially transmitted through the strain-gauge
when the strain-gauge interfered with the vertebrae. This could result in less load
transmission through the disc and a corresponding decrease in disc pressure. To our
knowledge we were the first to obtain pressure measurements suggesting that sensor size
impacts disc pressure. However, the link between sensor size and disc mechanics has
long been hypothesized by previous investigators. Interference was not observed for the
IVD sensor.

Results obtained from the lateral bending study suggested that disc geometry
influenced the variation of disc pressure with applied moment. Pressure was found to
increase with increasing moment in thicker discs that had height-to-thickness ratios
greater than the average (i.e. 0.12). Conversely, in thinner discs it was found to decrease
with increasing moment. Both increasing and decreasing pressure with increased moment
has been presented in the literature. However to our knowledge we were the first to
measure both in a single study and show differences in disc pressures based on disc
geometry.

A second pressure sensor, the Etched sensor shown in Figure 4.1, was developed
with sensitivity to pressure 20-times greater than a bare-FBG sensor and a major diameter
and sensing area of only 200 pm and 0.02 mm®, respectively. Increases in pressure
sensitivity are achieved through mechanical amplification of axial strains experienced by
the Bragg grating. Mechanical amplification is achieved by reducing the diameter of the
fibre in the region of the Bragg grating, thereby resulting in reduced cross sectional area

and therefore increased axial strains for a given applied pressure.
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Sensor calibration was also performed using a fixed filter demodulation
technique. Results obtained showed this new FBG sensor was capable of resolving
pressure variations of the order kPa. To our knowledge, this is the only FBG sensor of
this size (200 um outside diameter) capable of resolving pressure variations of this
magnitude.

The sensors presented in this thesis are significant improvements over other FBG
pressure sensors with increased sensitivity relative to the case of a bare-FBG. Other FBG
pressure sensors achieve increased sensitivity through polymer coating or large pressure
diaphragms. The resulting sensors are usually much larger than a bare-fibre, with
diameters from many millimeters to centimeters, and due to their size are not suitable for
biomedical applications. Both the IVD and Etched sensor achieve increased pressure
sensitivity relative to a bare-FBG while maintaining extremely small size. The Etched
sensor is only 60 % larger in diameter than a bare-FBG, but has pressure sensitivity 20

times greater.

5.1 Future work

The FBG sensors described above are useful tools for biomedical research and
could potentially be used in clinical settings. As with any medical device, before clinical
application the potential benefits associated with the sensor must be established and
shown to supersede the potential harm. As discussed above, the IVD sensor has already
been validated ex vivo, and was shown to be less invasive than the current alternative.
Therefore, future work aimed at establishing the clinical (in vivo) benefits could include
establishing disc pressure measurement as a method of increasing the predictive accuracy

of discography (described in Chapter 1). This would demonstrate the benefits of
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measuring disc pressure in vivo, and could potentially allow clinicians to accurately
diagnose which discs are sources of pain.

The Etched sensor is capable of resolving pressure variations over kPa. The level
of resolution is sufficient for a range of biomedical pressure measurements including
cerebrospinal fluid pressure and arterial blood pressure. Future work should attempt to
validate the performance of the Etched sensor ex vivo in lab or cadaver models. Other
work will include development of multiplexed FBG sensors, also with enhanced pressure

sensitivity.
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Abstract

We present an in-fibre Bragg grating (FBG) based intervertebral disc pressure
(IVD) sensor that has pressure sensitivity seven times greater than that of a bare fibre,
and a major diameter and sensing area of only 400 pm and 0.03 mm?, respectively. This
is the only optical, the smallest, and the most mechanically compliant disc pressure
sensor reported in the literature. This is also an improvement over other FBG pressure
sensors that achieve increased sensitivity through mechanical amplification schemes,
usually resulting in major diameters and sensing lengths of many millimeters. Sensor
sensitivity is predicted using numerical models, and the predicted sensitivity is verified
through experimental calibrations. The sensor is validated by conducting IVD pressure
measurements in porcine discs and comparing the FBG measurements to those obtained

using the current standard sensor for IVD pressure.
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The predicted sensitivity of the FBG sensor matched with that measured
experimentally. IVD pressure measurements showed excellent repeatability and
agreement with those obtained from the standard sensor. Unlike the current larger
sensors, the FBG sensor could be used in discs with small disc height (i.e. cervical or
degenerated discs). Therefore there is potential conduct new measurements that could
lead to new understanding of the biomechanics.

1. Introduction

In-fibre Bragg gratings (FBGs) are used extensively as sensors for various
parameters including displacement [1], strain [2], temperature [3], pressure [3], humidity
[4], and radiation dose [5] among others. FBGs are an attractive alternative to other
piezoelectric, resistive or other solid-state sensing technologies because they are: small
(typically 125 pm in diameter), mechanically compliant, intrinsically robust, chemically
inert, resistant to corrosive environments, immune to electromagnetic interference, and
are capable of simultaneous multi-parameter sensing when suitably configured [6].
Moreover, multiple FBG sensors can be multiplexed along a single optical fibre thereby
allowing spatially distributed measurements [7].

Despite these characteristics, FBG sensors are applied only on a limited basis in
medical pressure measurement applications, primarily because bare FBGs possess low
sensitivity to hydrostatic pressure. Mechanical amplification schemes, such as polymer
coatings on the fibre circumference [8-10] or pressure diaphragms [11], can be used to
increase the pressure sensitivity by increasing the area over which the pressure acts. For
example, Xu et al. (1996) presented a glass-bubble housed FBG sensor [3] and Liu et al.

(2000) [12], Sheng et al. (2004) [13] and Zhang et al. (2001) [14] present polymer coated
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FBG sensors all with major diameters of the millimeter order. Because of their increased
size, these sensors do not retain the intrinsic benefits offered by FBGs, namely small size,
spatial resolution and mechanical compliance. Moreover, and in the context of medical
pressure measurement applications, these large sensors would be more invasive than
current alternatives [15].

Recently, we were the first to apply bare FBGs (125 pm diameter and 10 mm
length, Bragg wavelength 1550 nm) to measurement of intervertebral disc pressure [16]
which ranges over 3 MPa in cadaveric human discs [17]. Although the FBG pressure
measurements were consistent with those found in previous disc pressure studies [16],
they were not always consistent with measurements made using the current standard
Strain gauge-based sensor for disc pressure measurement [18-22]. Moreover, the FBGs
sensing length (i.e. 10 mm) was too large to allow mapping of pressure distributions
within the intervertebral disc. Finally, poor pressure sensitivity resulted in highly
discretized data over the 3 MPa pressure ranges studied.

The objective of this work was to design and validate the performance of a new
FBG pressure sensor (hereafter FBG sensor) that has both improved pressure sensitivity
and spatial resolution compared to the bare fibre and a major diameter of only 400 pum.
The pressure sensitivity of the sensor is calculated using a combination of finite-element
modeling and strain-optic relationships. The calculated sensitivity is experimentally
validated and the sensor is applied to intervertebral disc pressure measurements in a
porcine cadaveric disc subjected to compressive loading. The results obtained using the
FBG sensor are also compared to those made with the current standard strain gauge-

based sensor for disc pressure measurement.
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2. Pressure measurements in intervertebral discs

The mechanical structure of the spine consists of bone vertebrae separated by
intervertebral discs (IVDs). Figure 1a shows a motion segment of the spine including
both a superior (upper) and inferior (lower) vertebra separated by the IVD as well as the
bone processes on the posterior of the spine that articulate at the facet joints (Figure 1a).
When the spine and, therefore, the motion segment are loaded in compression (Figure 1b)
the vertical distance between the vertebrae is reduced, thereby reducing the IVD height
from its nominal unloaded height (Figure 1b). When the IVD height is reduced, there is a
corresponding increase in the hydrostatic pressure in the semi-fluid region in the center of
the IVD, termed the nucleus pulposus (Figure 1c). The nucleus pressure is exerted on
both the superior and inferior vertebra and on the lateral annulus, thereby resulting in

equilibrium of loads.

Transverse process
Compressive load

Superior vertebra

Spinous
process
Annulus fibrosus

Intervertebral disc

a) b) c)

Inferior vertebr: Nucleus pressure

Facet joint T Nucleus pulposus
Compressive load

Anterior <—— > Posterior

Figure 1: a) schematic of spinal motion segment consisting of superior and inferior
vertebra, intervertebral disc (IVD), and bony processes on posterior of spine as well as
the facet joint. b) schematic showing exaggerated deformations of motion segment as a
result of compressive load. and c) cross section of IVD showing fibrous annulus and
semi-fluid nucleus pulposus as well as hydrostatic pressure within nucleus resulting from
compressive load.
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Degeneration of the IVD can take many forms, including tears in the annulus
and/or dehydration of the nucleus. It is a widespread problem in industrialized societies
and is often associated with disabling back pain and decreased quality of life. Back pain
is among the most frequent causes of workplace absenteeism in North America [21, 22].

The development of disc degeneration is a multi-factorial process in which disc
mechanics is thought to play an important role [23, 24]. Therefore, understanding human
IVD mechanics is central to understanding the etiology and symptoms of disc
degeneration [17]. Pressure distributions in IVDs are an important indicator of disc
mechanics that have been measured both in vivo (i.e. in living subjects, and clinically)
[25, 26] and ex vivo (i.e. in cadaver specimens for research purposes) [17, 27-30]. It is
known that, in the lumbar spine, nucleus pressure increases linearly with applied
compressive load and is hydrostatic in healthy discs [17], while in degenerated discs this
hydrostatic behaviour is disrupted [31].

Investigators have sought to understand disc mechanics and degeneration through
pressure measurements using rigid needle-mounted strain gauge (SG) sensors [32]. These
SG sensors are the current standard tool and have been used both ex vivo and in vivo.
They are inserted into the IVD by first passing the needle through the annulus and
subsequently positioning the tip of the needle in the nucleus [18-22]. These SG sensors
are housed in large needles (1.3 mm to 3 mm diameter) that can injure the fibres of the
annulus and alter the mechanics of the IVD [32]. In experimental models with disc
heights comparable to the sensor diameter (e.g. porcine or human cervical discs), these
sensors can interfere with the vertebrae as well as other anatomic features such as the

bone processes shown in Figure la [32, 33]. These drawbacks limit the utility of the
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sensors for ex vivo research and, in clinical applications, may have long term effects on
disc health and degeneration that are not completely understood [22, 32]. These long term
effects have limited the use of pressure measurements to mainly ex vivo experiments and
thick discs [32].
3. Materials and methods
3.1 FBG sensor

We designed and constructed a FBG pressure sensor that retains the intrinsic
benefits of Bragg gratings, namely small size and mechanical compliance (Figure 2a).
The sensor is similar to the SG sensors in as much as it is needle-mounted but by virtue
of its flexibility and size it is much less invasive. The design of the sensor is provisionally
patented [34].

The FBG sensor is comprised of a single-mode optical fibre (Dow Corning SMF-
28, Midland MI) housed within a length of stainless steel hypodermic tube (0.4 mm
outside diameter and 0.1 mm wall thickness). The fibre is positioned such that it is
coaxial with the hypodermic tube and such that its tip is flush with the (inserted) right
hand end of the hypodermic tube, as shown in Figure 2a. A Bragg grating (Blue Road
Research, Gresham OR, 10 mm length) is etched into the core of the fibre and is
positioned at the right hand end of the fibre. The annular volume between the inside
diameter of the hypodermic tube and the outside diameter of the optical fibre is filled
with a compliant silicone sealant (Dow Corning 3140 RTV, Midland MI). The silicone is
bonded to the inner surface of the hypodermic tube and to the outer surface of the fibre.
The sensing region of the sensor consists of the exposed surfaces of silicone sealant and

optical fibre at the right hand end of the tube and has an area of only 0.03 mm”. At the
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left hand end, the hypodermic tube is gripped in a modified optical fibre patch-chord
connector within which a connection is made to an optical patch cord. The length of tube
that extends from the fitting is called the probe. In the current sensor, the probe is 50 mm
in length but the sensor can be constructed with any probe length. The optical patch cord

connects to the interrogation system for the sensor.

Hypodermic tube

. \l
INRENAN

J ! 0.4 mm

/ i S i
Single-mode fibre Silicone sealant 0.1'mm -0.125 mm

a)

Sensing region

Hydrostatic pressure

Ldidibd
T

b)

Figure 2: a) Schematic showing construction of the in-fibre Bragg grating pressure
sensor. b) Applied hydrostatic pressure over the hypodermic tube and sensing region.
When the probe of the FBG sensor is exposed to hydrostatic pressure, the pressure
acts on the cylindrical outer surface of the hypodermic tube and on the sensing region
(Figure 2a and b). Relative to the silicone, the tube is rigid and, therefore, shields the
optical fibre from the effects of the pressure on the outer cylindrical surface of the tube.
The pressure applied to the sensing region causes strains in the silicone sealant and the

FBG. The strains in the FBG induce changes in its Bragg wavelength, A;, the

characteristic wavelength of light that is reflected from a FBG [6].
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3.2 Finite-element model

The pressure-induced strains within the FBG sensor were calculated as a function
of applied hydrostatic pressure, over the range of physiologic nucleus pressures from 0
MPa to 3 MPa, using a commercially available suite of finite-element structural analysis
codes (ANSYS® version 10, Canonsburg PA). Figure 3 is a schematic showing the

model geometry as well as the displacement and pressure boundary conditions.

Steel
B Silicone
[ ] Silica glass

60 mm

Novotion _LLLLLLLLLL LI UL um%ﬁgﬁiﬁif
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f—

CETTTTTrreee reer ~ 1t '

Figure 3: Schematic showing dimensions and displacement/pressure boundary conditions
used in the finite-element model. Pressure is applied to entire sensor length.

The hypodermic tubing was specified as 300 series stainless steel with Young’s
modulus and Poisson ratio of 190 GPa and 0.28, respectively [35]. The Young’s modulus
and Poisson ration of the silica glass optical fibre were 70 GPa and 0.17, respectively [7].
The Young’s modulus and Poisson ratio of the silicone were 372 kPa and 0.49,
respectively, based on information supplied by Dow Corning technical staff.

The model was first solved using PLANE182 (tetrahedron) [27] elements for 3
MPa applied pressure to ensure model deflections were maximum. Mesh refinements
were subsequently performed until the relative difference in the predicted strain (along
the Bragg grating) between the models was less than 1%. Once the mesh convergence

was established, the element type was changed to PLANE42 (triangle) [27] elements to
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verify element-type independence of the solution by ensuring the relative difference in
the average predicted strain along the Bragg grating was less than 1%.
3.3 Strain-optic model

As will be discussed in Section 4.0 and as shown in Figure 4a, pressure applied to
the sensing region causes strain gradients along the z-axis (Figure 3) of the Bragg grating.

Gradients in the both the axial strain,¢,, and transverse strain,&, and &y, have been

shown to result in variations in the Bragg wavelength, 4, , as well as increases in the full-

width at half maximum (FWHM) and decreases in the maximum reflectivity of a Bragg
grating [36] as shown in Figure 4b. These variations cannot be predicted using Bragg’s
condition, which is commonly applied to predict Bragg wavelength variations when the

strains along a grating are uniform [6].
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a) b)

Figure 4: a) Example data for axial, ¢, , and transverse, &_, Eys strain versus axial position,

z, along grating. Strains shown for 3 MPa applied pressure. b) Strain gradients along the
FBG result in: shifts in the Bragg wavelength, A;; an increase in the Bragg grating’s full-

width at half maximum reflectivity (FWHM) and a decrease in the maximum reflectivity
as compared to an unstrained grating.
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Previous investigators have developed models that predict the Bragg wavelength
shifts, increases in the FWHM, and decreases in the maximum reflectivity for FBGs
subjected to non-uniform strain or, equivalently, for an FBG having non-uniform grating
periods and indices of refraction [36-39]. In this research, we employed the transfer-
matrix (7 -matrix) formalism presented by Huang et al. (1995) [36]. The physical
background and mathematical formulation of the 7 -matrix method is detailed elsewhere
[36]. The details of its implementation are summarized here.

The reflected Bragg wavelength, 4, , of a grating subjected to uniform strain can

be predicted by treating the grating as a discrete volume and using a single equation. For
a grating subjected to non-uniform strain, the 7 -matrix formulation requires
discretization of the original grating into sub-gratings of length, L;, and average grating
pitch, A, (Figure 5b). The intensity of the light entering and leaving the left-side of the

grating (A(0) and B(0) respectively) are then related to the light entering and leaving the

right side (A(L) and B(L)) (Figure 5b) by equation (1):

[gm ][] [T][;\Etﬂ ()
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Figure 5: a) Schematic showing Bragg grating pitch A and length L of unstrained grating,
and b) schematic showing grating with a strain gradient along axis z. L;and A, are the

average length and pitch of each sub-grating element used in the 7 -matrix formulation.
where [ri ] represent the transfer matrices (7 -matrices) for each sub-grating of length, L.
The reader is referred to Huang et al. (1995) [36] for the functional form of the 7 -

matrices.
For each sub-grating, calculation of the 7 -matrix requires: the average index of

refraction, 1N, ; the average grating pitch, A;; and the length, L. In this model we assume

that the periodic modulation in the index of refraction was a sinusoidal function of

position z along the grating [36]:
n(z)=n, +An, cos(%j @)

Where, Nn(z) is the index of refraction at a given location, z; n, is the nominal index of

refraction of the fibre (assumed here to be 1.44) [36]; An, is the amplitude of the index
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change (assumed here to be 7 x 10”) [36] and; A is the pitch of the original unstrained
grating (assumed to be 517 nm) [36] (Figure 5a).

As mentioned previously, strains within the grating produce a predictable change
in the index of refraction. Therefore, the average index of refraction within a given sub-

grating is given by equation (3):

n =n, +An, COS(%)‘%”;( PE, + P&, + Piéy) 3)

where p,,, p,, are elements of the photo-elastic tensor (0.252 and 0.113 respectively [36])
that relate elastic strain to changes in index of refraction [7], ¢ ,¢, , €, are the average

strains within the grating at the location of the sub-grating and correspond to the

coordinate axes shown in Figure 5. The average grating pitch, A, , is also calculated using

the strains as:

A =Ad+2,) @)
where Ais the pitch of the unstrained grating (Figure 5a). The reflected light-intensity
versus wavelength spectrum from the grating is found by solving Equation 2 for A(0O)

assuming B(0) has a constant intensity of unity for all wavelengths (i.e. B(0) = 1 and

B(L) = 1-A(0)) [36]:

AQ)

B(0) ©)

R(/I):‘

where R(A) is the wavelength, A, dependent light intensity reflected by the grating and is

the norm of A(0)/B(0).
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The strains, ¢, ,¢, , &y along the core of the fibre were obtained from the results

of the finite-element model and were used in the relations described above to determine
the reflected spectrum from the FBG, as a function of applied hydrostatic pressure.
3.4 FBG sensor calibration

Experimental data in the form of Bragg wavelength versus applied hydrostatic
pressure, ranging from 0 MPa to 3 MPa, was obtained using a purpose-built calibration
apparatus. This experimental data was collected to allow validation of the FBG sensor
finite-element/strain-optic model predicted sensor sensitivity.

The calibration apparatus was configured similarly to that described by Xu et al.
(1993) [3] and included a broad C-band light source (AFC-BBS1550, Milpitas CA), a bi-
directional 3 dB optical coupler (Blue Road Research, Gresham OR), an optical spectrum
analyzer (OSA) (ANDO AQ6331, Tokyo JP), a purpose built pressure vessel and a
reference pressure transducer (OMEGADyne PX01C1, Stamford CT, Acc.: 0.05% FS —
6.9 MPa).

The FBG sensor was inserted into the pressure vessel and sealed via a bulkhead
fitting. Pressure was manually varied from 0 MPa to 3 MPa to 0 MPa (as reported by the
reference transducer) using a manual hydraulic pump (ENERPAC P141, Milwaukee WI)
while Bragg wavelength variations were recorded from the OSA. This procedure was
repeated five times.

We also commissioned optical interrogation equipment designed to convert
changes in Bragg wavelength to analogue voltages similar to that described in Nunes et
al. (2004) [40]. The fixed filter demodulation technique allows direct calibration of the

FBG sensor in terms of analogue voltage versus pressure. This demodulation technique,
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and the calibration apparatus, was used to calibrate the FBG sensor from 0 MPa to 3
MPa. Analogue voltage versus applied pressure was acquired at 60 Hz and the average
sensitivity of the sensor, and standard error in pressure measurement, was calculated from
10 calibration datasets acquired using hardware and software implemented in LabView©
(Version 8, Austin TX).

3.5 Intervertebral disc pressure measurements

The experimental work concluded with the application of the FBG sensor to
measurements of IVD pressure within a single cadaveric porcine (pig) disc. First, the
repeatability of the FBG sensor was established by performing multiple pressure
measurements under repeated loading with the FBG sensor location fixed. This process
was performed at three non-collinear locations in the IVD. Subsequently, we repeated
pressure measurements within the IVD at the three locations using both the FBG and SG
Sensors.

The functional spine unit (FSU) (Figure 6) was harvested fresh after death and
consisted of a superior and inferior vertebra separated by an IVD. Vertebral ligaments
were left intact, and the vertebrae adjacent to the disc were set into dental stone in a
manner similar to that described by Adams et al. (1996) [31].

The dental stone containing the inferior vertebra of the FSU was then secured to a
materials testing machine (Instron 8874, Norwood MA) (Figure 6). To allow insertion of
the FBG sensor, the annulus was first pierced using a 25ga. (0.5 mm outside diameter)
hypodermic needle. The needle was used because it had a cutting tip, unlike the FBG
sensor. However, future FBG sensor prototypes will include a cutting tip thereby

allowing insertion without the aid of a needle.
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Figure 6: Schematic showing functional spine unit (FSU) embedded in dental stone.
Annulus left exposed for sensor insertion. Inferior dental stone fixed to materials testing
machine while superior dental stone has compressive load applied to it. Insertion
locations also shown to right; sensors inserted along the axes shown.

The tip of the FBG sensor was inserted through the pierced annulus, then into the nucleus
such that its sensing region (Figure 2) was at the approximate centre of the nucleus
(Figure 6). The centre of the nucleus was estimated using measurements of the IVD, and
was assumed to be half of the disc diameter as measured along the sensor insertion axis
(Figure 6).

Compressive loads were then applied to the dental stone containing the superior
vertebra (Figure 6) ranging from 0 N to 500 N, at 40 N/s. Load data was obtained from a
calibrated load-cell (Sensor Data M211-113, Sterling Heights MI, Acc.: 0.05% FS — 10
kN) that was integrated into the materials testing machine. Pressure data was acquired
from the FBG sensor using the fixed-filter demodulation technique already described.

We repeated the procedures above using a needle-mounted strain gage sensor (SG
sensor, Figure 7) (Model 060S; pressure range, 0-3.5 MPa; 2.45mm diameter; Precision
Measurement Co., Denton, Ann Arbor, USA). This type of sensor has been widely used

by other investigators studying IVD pressure [18-22]. Each sensor was used to measure

pressure 3 times at each insertion location.
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FBG

Figure 7: Image showing relative diameters of SG sensor and FBG sensor. Sensing region
of SG sensor consists of circular strain-gage element near tip of needle.

4. Results
4.1 Finite-element model

The linear model satisfied all convergence criteria (outlined in the Methods) with
an axisymmetric mesh of 240,000 PLANE182 elements of the following nominal
distance between element nodes: Steel: 15 x 10 m; silicone: 5 x 10 m; and fibre: 15 x
10° m. This mesh also satisfied all ANSYS® aspect ratio criteria [28] both before the
model was solved and after the model was solved and the mesh had deflected.

The relative difference in the predicted strains of the linear model using
PLANE182 (tetrahedron) [27] elements and PLANE42 (triangle) [27] elements was

0.089 % (¢&,) and 0.20 % (&,,¢&, ) and satisfied the element independence criteria outlined

in the Methods.
Figure 8 qualitatively shows the deflections of the silicone and fibre as revealed
by the finite element model. As applied pressure is increased from 0 MPa to 3 MPa, the

silicone and fibre deflect mainly in the z-direction (to the left of the undeformed edge in
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Figure 8), with the highest magnitude deflections occurring at the probe tip (Bottom
Figure 8). The deflections in the z-direction decrease in magnitude along the sensor (from
right to left in Figure 8), and are at their minimum at the left hand side of the sensor. The
silicone has the highest magnitude of deflections because its Young’s modulus is several

orders of magnitude smaller than both the optical fibre and steel.

Applied
pressure

DL A X

——

Undeformed edge

Figure 8: Top: Probe of FBG sensor subjected to applied pressure; and Bottom: section
view showing scaled deformations around the FBG sensor tip.
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Figure 9: Predicted axial (¢, ) and transverse (¢&,,¢, ) strain along the z-axis of the Bragg

grating for various applied hydrostatic pressures ranging from 0.25 MPa to 3.00 MPa at
0.25 MPa increments. Results for 0 MPa not plotted as this is the unstrained
configuration. Refer to Figure 5 for z positions along grating.

Figure 9 shows the predicted axial and transverse strains along the length of the
Bragg grating (axis z, x=y=0 in Figure 6). Axial strains are compressive, maximum at the

sensor tip or sensing region (z = 0.01 m) and have a monotonically decreasing magnitude

toward the opposite end of the grating (z = 0.00 m) (Figure 9). Conversely, transverse
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strains are tensile, maximum at the sensor tip and decrease monotonically toward the
opposite end of the grating. Shear strains were two orders of magnitude smaller than both
the axial and transverse strains presented; therefore their contribution to the strain-optic
response of the sensor is negligible and we have not presented these in detail.

Figure 9 shows only the strains at the center-line of the fibre core, along the Bragg
grating (axis z, x=y=0 in Figure 6). However, the grating occupies the entire core which
has a outside diameter of 8.2 um [41]. To establish that the strains within the core were
approximately constant we calculated the maximum difference between the predicted
strains along the center-line of the grating and the strains along the outside diameter of

the core and found a maximum difference of 8.0 ne (0.04 %) for the axial strain, ¢, , and
3.3 ne (0.12 %) for the transverse strains, &, £, respectively.

4.2 Comparison: calculated and experimentally measured FBG sensor sensitivity
The Bragg wavelength reflected by the FBG sensor, as calculated using the

predicted strains and the 7 -matrix model, is shown for various applied pressures in

Figure 10. As pressure increases from 0 MPa to 3 MPa the Bragg wavelength is blue-

shifted (shorter wavelengths) and the FWHM increases by only 0.0010 nm from 0.11 nm.
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Figure 10: Calculated reflection spectra of the FBG sensor obtained from the strain-optic

model with predicted strains from finite-element model. With increasing pressure spectra
are blue-shifted with negligible increase in the FWHM.

Figure 11 shows the experimental and calculated variations in Bragg wavelength
versus applied hydrostatic pressure for our FBG sensor. Experimental data points for
each pressure are averaged from the five trials and the magnitude of the error bars (+ 5
pm) corresponds to the published absolute-wavelength measurement reproducibility for
the OSA [42]. The standard deviation of wavelength measurements obtained from linear
regression calculations is + 0.3 pm. The sensitivity of the FBG sensor is calculated as the
slope of these data sets, or the change in Bragg wavelength over the change in applied
pressure (AA/AP) . From linear-regression calculations the finite element/strain optic
calculated sensitivity is -23.9 pm/MPa (r’=1) whereas the experimental sensitivity is -
21.5 = 0.07 pm/MPa (mean + standard error from five trials) (r*=0.99). The relative

difference between these sensitivities is 11.1 % where the experimental sensitivity is the

reference for comparison.
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Figure 11: Experimentally measured and calculated variations in Bragg wavelength
versus applied hydrostatic pressure (for our FBG sensor). Slope of each data-set is
expressed as the sensitivity to hydrostatic pressure. Vertical error bars for experimental
data (= 5 pm) correspond to the published measurement reproducibility of the OSA.
Horizontal error bars (£ 3.5 kPa) not visible at this scale.
4.3 Intervertebral disc pressure measurements

Figure 12 shows typical results obtained from both the FBG and SG sensors for
measured pressure versus applied compressive load in the porcine IVD. The disc
response to load (kPa/N) is the regression-calculated slope of the pressure versus load

data. Maximum measured pressure is the measured pressure (MPa) at 500 N of

compressive load.
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Figure 12: Example data of FBG and SG sensor measured pressure versus compressive
load on one porcine FSU. Regression-calculated slope of data is termed the disc response
to load (kPa/N). Maximum measured pressure is measured pressure at 500 N
compressive load. Vertical error bars on FBG sensor data (= 0.014 MPa) calculated as the
standard error in pressure measurement from the FBG sensor calibration experiments.
Horizontal error bars (£ 5.6 N) were not clearly visible at the given scale but they reflect
the accuracy of load cell.

IVD pressure measurements performed using the FBG sensor showed excellent
repeatability (Table 1). For sensor insertions 1 through 3, respectively, the relative
difference in the disc response to load between load cycle 1 and 2 was only 0.4%, 6.5%,
and 1.0% with similar results for the maximum measured pressure.

Table 2 shows the results obtained from both the FBG and SG sensors from three
insertion locations within the IVD. The relative difference in the disc response to load for

insertions 1 through 3 respectively are 28.4%, 3.73%, and 1.98%. For the maximum

measured pressure the relative differences were respectively 37.7%, 6.00%, and 1.99%.
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Table 1: Regression calculated disc response to load (kPa/N) with standard deviation
(SD), coefficient of determination (rz), and maximum measured pressure for the IVD
pressure data obtained in the repeatability study. Row-headers 1 through 3 correspond to
each FBG insertion location in the IVD.

Disc response to load Maximum
Location (r) pressure measured
(kPa/N) (mean + SD) (MPa)
1 Cycle 1 2.78+2.18E-3 0.99 1.52
Cycle 2 2.7943.11E-3 0.99 1.52
) Cycle 1 2.94+1.39E-3 0.99 1.48
Cycle 2 2.76+2.79E-3 0.99 1.49
3 Cycle 1 3.20+1.87E-3 0.99 1.63
Cycle 2 3.17+1.62E-3 0.99 1.59

Table 2: Regression calculated disc response to load (kPa/N) with standard deviation
(SD), coefficient of determination (r?), and maximum measured pressure for the IVD
pressure data obtained using the FBG and SG sensors. Data shown for each insertion
location is averaged from three measurements.

. Disc response to load o Maximum
Location (kPa/N) (mean = SD) pressure measured (MPa)
FBG SG FBG SG FBG SG
2.67£2.34E-3  2.08+3.77E-4  0.98 0.99 1.46 1.06
2.84+1.66E-3  2.95+1.93E-3 0.99 0.97 1.41 1.50
3 3.09+5.38E-3  3.03+1.35E-3 0.92 0.99 1.48 1.51

5. Discussion

A key strength of this work is that the FBG sensor has a sensitivity (i.e. -21.5
pm/MPa) approximately 7 times greater than that of a bare-FBG sensor (-3.1 pm/MPa)
while maintaining extremely small size (400 pum major diameter) and high spatial
resolution by limiting the sensing region to the probe tip. This is an improvement relative
to other FBG sensors presented in the literature that employ mechanical amplification
schemes that significantly increase their length or major diameter. Examples include the
glass sphere FBG sensor of Xu et al. (1996) that has major diameter of 5.5 mm and

sensitivity 4 times greater than a bare-fibre [43]. Liu et al. (2000) present a polymer
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coated FBG sensor with a major diameter of 15 mm, length of 50 mm and sensitivity 30
times that of a bare fibre [44]. Sheng et al. (2004) and Zhang et al. (2001) report
sensitivities 10,900 and 1,720 times greater than a bare for polymer coated sensors with
major diameters of 22 mm and 13 mm, respectively [13, 14]. In the context of
biomedical pressure measurement applications these sensors are too large for in vivo
applications and could have limited utility in ex vivo experiments for the same reasons
already attributed to the needle mounted strain-gage sensor.

Intervertebral disc pressure measurements performed using the FBG also show
excellent repeatability (average 2.6 % error between measurements) and agreement to
those obtained using the strain-gage sensor (average difference of 11.37 % in disc
response to load).

This sensor is also smaller than all previously reported IVD pressure sensors of
which the smallest had a 1.3mm diameter [18]. Therefore it has the potential to address
the limitations associated with needle mounted sensors because of its small size and its
mechanical compliance. Unlike the large (1.3 mm to 3 mm diameter) and rigid needle
mounted sensors, the FBG sensor could be used in discs with small disc height such as in
the cervical spine or in degenerated discs. In cervical spine specifically there is a paucity
of experimental data; therefore there is potential contribute new understanding of the
biomechanics in this less-studied region of the spine.

6. Conclusions

In this paper we describe the design of a FBG pressure sensor that has pressure

sensitivity much greater than that of a bare FBG while maintaining both small size and

mechanical compliance. We also present a theoretical model and experimental calibration
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results to validate its sensitivity to hydrostatic pressure. The model includes both a strain-
optic model based on the 7 -matrix approach of calculating FBG reflection spectra for
non-uniform strain fields as well as a structural finite-element model designed to predict
the strains throughout the sensor. The FBG sensor was applied to intervertebral disc
pressure measurements in a cadaveric porcine functional spinal unit and the results
obtained were compared to measurements made with the current standard strain-gage
sensor that has been widely used for disc pressure measurements. Intervertebral disc
pressure measurements performed using the FBG also show excellent repeatability and
agreement to those obtained using the strain-gage sensor.
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Structured Abstract

Study Design

Nucleus pressure was measured within porcine intervertebral discs (IVDs) with a novel
in-fibre Bragg grating (FBG) sensor (0.4 mm diameter) and a strain gauge (SG) sensor
(2.45 mm) to validate the accuracy of the FBG sensor.

Objective

To validate the accuracy of a new FBG pressure sensor we have designed and constructed
for minimally invasive measurements of nucleus pressure.

Summary of Background Data

Although its clinical utility is controversial, it is possible that the predictive accuracy of

discography can be improved with IVD pressure measurements. By virtue of their size
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SG sensors alter disc mechanics, injure annulus fibres, and can potentially initiate or
accelerate degenerative changes thereby limiting their utility particularly clinically.
Methods

Six functional spinal units were loaded in compression from 0 N to 500 N and back to 0
N; nucleus pressure was measured using the FBG and SG sensors at various locations
along anterior and right and left antero-lateral axes.

Results

On average maximum IVD pressures measured using the FBG and SG sensors were
within 9.39% of each other. However, differences between maximum measured
pressures from the FBG and SG sensors were larger (22.2%) when the SG sensor
interfered with vertebral endplates (p<0.05). The insertion of the FBG sensor did not
result in visible damage to the annulus, whereas insertion of the SG sensor resulted in
large perforations in the annulus through which nucleus material was visible.
Conclusions

The new FBG sensor is smaller and less invasive than any previously reported disc
pressure sensor and gave results consistent with previous disc pressure studies and the SG
sensor. There is significant potential to use this sensor during discography while avoiding
the controversy associated with disc injury as a result of sensor insertion.

Key Words: spine, intervertebral disc, back pain, discography, nucleus pulposus, disc
degeneration, pressure sensor

Key Points:
e Nucleus pressure measured using the FBG sensor showed good agreement to
pressure measurements made with the SG sensor
e The FBG sensor did not interfere with vertebral endplates upon insertion,
However, the SG sensor did interfere with the endplates and this confounded the
associated pressure measurements
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e This FBG sensor is 83% smaller and more flexible than any previously reported
disc pressure sensor and could potentially be used to improve accuracy of
discography while minimizing trauma to the annulus fibrosus

1. Introduction

Acute back pain, a widespread problem affecting the population of industrialized
societies, is at least partially caused by intervertebral disc (VD) degeneration or other
pathologies in the form of annular tears or prolapses. It is estimated that 70% of the
population will experience back pain in their lives [1] and back pain is among the most
frequent causes of workplace absenteeism in North America [2, 3]. The development of
symptomatic disc degeneration is a multi-factorial process in which disc mechanics plays
an important role [4, 5]. Therefore, understanding human VD mechanics is central to
understanding the etiology of disc degeneration [6]. Pressure distributions in IVDs are an
important indicator of disc mechanics that have been measured both in vivo [7, 8] and ex
vivo [6, 9-12]. In the lumbar spine, disc pressure increases linearly with applied
compressive load and is hydrostatic in healthy discs [6], while in degenerated discs this
hydrostatic behaviour is disrupted [13].

In an attempt to improve the outcomes of spinal fusion for degenerative disc
disease, provocative discography has been used to determine whether a specific disc is a
potential source of acute pain [14]. Although pain provocation and the morphological
appearance of the disc have been widely utilized, the measurement of disc pressures is
not widely used in part due to the limitations of current disc pressure measurement
technology. Investigators have sought to improve the predictive accuracy of discography
by performing pressure measurements using needle mounted strain gauge (SG) sensors

[14]. These SG sensors have been used both ex vivo and in vivo [2, 3, 15-17]. These SG
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sensors are housed in large needles (20 gauge to 11 gauge) that injure the fibres of the
annulus and alter the mechanics of the IVD [14]. In experimental models with disc
heights comparable to the sensor diameter (e.g. porcine or human cervical discs), these
sensors can interfere with the vertebral endplates and other anatomic features such as the
uncinate processes and inferior protuberance [14, 18]. These drawbacks limit the utility
of the sensors for ex vivo research and have long term effects on disc health and
degeneration [2, 14]. These long term effects have limited the utility of pressure
measurements in conjunction with the other aspects of discography to mainly ex vivo
experiments [14].

An emerging fibre-optic strain measurement technology, in-fibre Bragg gratings
(FBGs), has the potential to overcome some of these limitations. FBGs consist of an
optical fibre (0.125 mm diameter) with a Bragg grating photo-inscribed into a short
length of the optical fibre core. FBGs have excellent potential for biomechanical
applications because they are small, mechanically compliant, immune to electromagnetic
interference, and biocompatible. They can be implanted in regions of the IVD where
anatomic features may otherwise prevent sensor insertion and, because of their size, they
will minimize the injury to annular fibres and the affect on disc mechanics. FBGs are
commonly used to measure physical parameters such as strain [19, 20], temperature [21-
23], and pressure [24-26]. We recently used bare FBG and SG sensors to measure 1VD
pressure in human cadaveric specimens [27]. Results obtained using the bare FBG sensor
agreed with those found in previous studies but not with measurements conducted using
the SG sensor. We hypothesized that the disagreement was caused primarily by nucleus

material inhomogeneity which could have disrupted hydrostatic behaviour within the
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nucleus and over the 10 mm length of the FBG would also disrupt pressure measurement
[27]. In this study we have constructed a new FBG sensor, suitable for mapping pressure
distributions, with increased spatial resolution as compared to the bare FBG that will not
be affected by nucleus inhomogeneity because the sensor’s active sensing region is
limited to a circular plane of only 0.4 mm diameter.

The objectives of the current study were: a) to assess the linearity, sensitivity and
hysteresis of a new FBG sensor that we have constructed; b) to develop methods for
calibrating the new FBG sensor and for implanting it in 1VDs and c) to determine the
accuracy of the new FBG sensor in measurements of disc pressure as a function of
compressive load in six porcine functional spinal units.

2. Materials and methods

Six porcine cadaveric functional spine units (FSUs) were obtained from two
lumbar spines that were harvested fresh. The FSUs were prepared by stripping muscle
tissue while maintaining disc and ligaments. The vertebrae of each FSU were embedded
in dental cement and the intervertebral discs were kept free. Anterior and antero-lateral
sensor insertion was performed in a configuration similar to that described in Adams,
McNally, and Dolan [13].

We constructed a new FBG sensor (Figure 1) with a diameter of 0.4 mm (27
gauge). The 50 mm long probe (Figure 1) has an outer housing made of a hypodermic
stainless steel tube with a major diameter of 0.4 mm (27 gauge). An optical fibre (0.125
mm diameter) with a single FBG (10mm length, Blue Road Research, Gresham OR) was

positioned inside the tube such that the FBG is at the end of the probe (Figure 1, Section
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A-A). A compliant silicone sealant (Dow Corning 3140 RTV, Midland MI) occupied the
annular volume between the steel tube and the FBG (Figure 1, Section A-A).

In this sensor configuration, pressure applied to the active sensing region (Figure
1, Section A-A) causes deflections within the silicone sealant which induce strains in the
FBG. Strains in the FBG induce changes in the characteristic wavelength of light
reflected from the FBG. The optical principles governing this process are described in
Udd (1991) [28]. The design of the FBG sensor described above is provisionally patented
(US Provisional Patent Application No. 60/766,600 and PCT/CA2007/000286).

‘——— 50 mm probe

§§ ——  E)—— > Section 1-1
. 7ﬁjter housing
/ Section 1-1
Fibre-optic FBG)%L/ ' . '
Silicone sealant Active sensing region
constructed with a 50 mm probe that houses the FBG and a compliant silicone seal that
occupies the annular volume between the 0.4 mm tubing and the FBG (Section A-A). The

. 0.14 m
Figure 1: Schematic diagram of FBG pressure sensor. This new FBG sensor was
active sensing region is limited to the tip of the probe.

Major diameter
(2.45 mm)

SG sensor active sensing region

FBG sensor active sensing region (0.4 mm)

Figure 2: Relative lengths of the active sensing regions and probe diameters for both the
SG and FBG pressure sensors.
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The FBG sensor was calibrated between 0 MPa to 2 MPa in a custom calibration
apparatus. We also calibrated a strain gauge (SG) sensor (Model 060S; pressure range, O-
3.5 MPa; Precision Measurement Company, Denton, Ann Arbor USA). The SG sensor
had a major probe diameter of 2.45 mm and an active sensing region located near the end
of the probe (Figure 2).

We aligned each FSU in a materials testing machine (Instron 8874, Norwood
MA) and then performed three preconditioning loading cycles, consisting of loads from 0
N to 500 N to 0 N at a rate of 40 N/s. The displacements of the superior vertebrae were
visually monitored to verify that torsions were not applied to the disc.

Prior to FBG sensor insertion, the outer annulus was pierced by inserting a 25
gauge (0.51 mm major diameter) hypodermic needle to an approximate depth of 3 mm
past the outside surface of the annulus. The hypodermic needle was used first because it
had a cutting tip and the FBG sensor did not. The 25 gauge hypodermic needle was then
withdrawn, and the FBG sensor was inserted into the hole just created. The FBG sensor
probe was advanced through the annulus into the nucleus. The sensor was then positioned
to a depth equal to one-half the diameter of the intervertebral disc (IVD) along the
insertion axis (Figure 3a). Finally, a reference mark was made on the FBG sensor probe
where it emerged from the annulus. The location of the reference mark relative to the
outside of the annulus was visually monitored to ensure that the FBG sensor location was
held constant throughout each test.

We then loaded the FSU in compression using a saw-tooth loading profile from ON
to 500N, with a one second hold at 500 N, and then back to ON, at a 40N/s loading rate

for both loading and unloading phases. Applied compressive force was measured using a
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calibrated load cell (Sensor Data M211-113, Sterling Heights MI). Pressure was
measured using the FBG sensor and a Bragg-grating filter, similar to that described in
Nunes et al. (2004),[22] throughout the entire range of applied loads continuously at 40
Hz.

After testing with the FBG sensor, we removed the FBG sensor and inserted a SG
sensor positioning it at the center of the nucleus. The sensor was inserted through the
same hole in the outer annulus, and using the same procedure as was previously used for
the FBG sensor. In some instances, interference between the SG sensor and the vertebral
endplates caused movement of the superior vertebra from its nominal unloaded position.
In each instance of the interference, the specimen number and insertion axis was recorded
prior to taking pressure measurements. We loaded each disc using the same protocol used
with the FBG sensor.

The FBG and SG sensor insertion procedure described above was performed
along three separate insertion axes in each FSU as shown in Figure 3b. Pressure was
measured as a function of compressive load along one anterior axis, and along the two
antero-lateral axes from the left and right sides of the intervertebral disc (Figure 3b).
After each loading cycle, the sensors were removed and re-inserted into the VD along a
different insertion axis. This process was repeated until three sets of pressure data were
obtained for each insertion axis in all specimens for both the FBG and SG sensors.

We also verified that our FBG sensor produced repeatable results by performing
multiple pressure measurements over multiple cycles of loading within a single VD
while the FBG sensor location remained fixed. The insertion was conducted as described

above, and the FSU was subsequently loaded and pressure data were acquired. After this
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first load cycle the FBG instrumentation was powered-down, and subsequently power
was restored. The instrumentation settings were re-established and the FSU was loaded
again while pressure data was acquired. This procedure was performed along all three
insertion axis using a single FSU.

Linear regression was performed on the disc pressure data (example FBG data
shown in Figure 4) obtained from both the FBG and SG sensors using SigmaPlot™.
Coefficients of determination (r?) and the disc response to load (kPa/N) (i.e. the slope of
the pressure versus force data) were determined for each data set. We also tested the
hypothesis that the differences between FBG and SG sensor maximum measured
pressures, between the cases where SG interference with vertebral endplates did and did
not occur, were distributed about the same mean difference by conducting a

heteroscedastic t-test.

Superior vertebra
N K Annulus
7 -n N
/// | \\
a) b) , | AN
7 | N
Inferior vertebra left 7 : right
1

antero-lateral antero-lateral

anterior

Figure 3: a) schematic showing sagittal cross-section of IVD and the geometry of sensor
insertion within the IVD; and b) schematic showing superior view of mid-1VD cross
section and the sensor insertion axes (anterior and left and right antero-lateral).
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Figure 4. Example data for FBG measured pressure versus compressive load showing
maximum measured pressure at 500 N and regression line. Slope of regression line is
reported as disc response to load (kPa/N).
3. Results
3.1 FBG sensor calibration

The mean sensitivity to pressure, from the calibration data acquired before the ex
vivo experiments was -22.7 £ 1.5E-5 mV/MPa (mean + S.D.). The coefficients of
determination (r?) for the calibration data sets were always greater than 0.99, and the
mean hysteresis in the calibration data was 2.24% of the full scale sensor response.
3.2 Intervertebral disc pressure measurements

Pressure measurements made with the FBG sensor in one specimen (specimen 3)
showed good repeatability (Table 1). For the left antero-lateral insertion axis, the
difference in the disc response to load between cycles 1 and 2 was 0.36%, and the
maximum measured pressures were identical (within the resolution of the sensor). For the

right antero-lateral axis, the difference in the disc response to load between cycles 1 and 2

was 6.1%, and for the maximum measured pressure was 0.68%. For the anterior
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insertion axis the difference in the disc response to load between cycles 1 and 2 was
0.94%, and for the maximum measured pressure the difference in the disc response was
2.5%

For both the FBG and SG sensors disc pressure varied linearly with applied
compressive load (Table 1 and 2). The mean coefficient of determination (r?) for the FBG
was 0.97 and ranged from 0.90 to 0.99, while for the SG the mean coefficient of
determination was 0.99 with a range from 0.97 to 0.99.

Table 1: FSU response to load (kPa/N), coefficient of determination (r?), and maximum

measured pressure (MPa) obtained from the FBG sensor repeatability study. All
measurements were performed using specimen 3, L5 37 mm major diameter.

Disc response to load Coefficient of .
Maximum pressure measured

. . (kPa/N) determination
Insertion axis (mean + SD) r?) (MPa)
left Cycle 1 2.78+2.18E-3 0.99 1.52
antero-lateral Cycle 2 2.79+3.11E-3 0.99 1.52
right Cycle 1 2.94+1.39E-3 0.99 1.48
antero-lateral Cycle 2 2.76+2.79E-3 0.99 1.49
anterior Cycle 1 3.20+1.87E-3 0.99 1.63
Cycle 2 3.17+1.62E-3 0.99 1.59

Pressure measurements made with the FBG sensor showed good agreement with
those made with the SG sensor when interference between the vertebral endplates and SG
sensor did not occur (Table 2). The mean relative difference between the disc response to
load for the FBG sensor and SG sensor results was 9.39% and ranged from 0.424% to
33.2% for results where SG interference was not observed. The mean relative difference
between the FBG sensor and SG sensor maximum measured pressure was 9.11% and
ranged from 1.35% to 35.2%.

The results obtained from the FBG and SG sensors did not generally agree when
the SG sensor interfered with vertebral endplates (Table 2). Considering only these

results, the mean difference in the disc response to load was 21.4% and ranged from
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9.06% to 28.4%, and for the maximum measured pressure the mean difference was
22.2% and ranged from 12.3% to 30.4%.

In some specimens we noticed a decrease in the maximum disc pressure measured
after the initial insertion of the SG sensor. In specimens 1, 4, and 6, insertion of the SG
sensor eventually resulted in an apparent decrease in the maximum disc pressure. In
specimen 1, the left antero-lateral axis was used first with the FBG sensor and subsequent
measurements using both the FBG and SG sensors show a drop in the maximum
measured pressure when SG interference was not noted. A similar trend was observed in
specimen 4, where the SG sensor was first used on the left antero-lateral axis;
subsequently, when interference was not noted along the anterior axis, the maximum disc
pressure was reduced. This trend is repeated in specimen 6 where the SG sensor was first
used along the right antero-lateral axis.

The results of the heteroscedastic t-test showed that on average the differences in
maximum measured pressure obtained from the FBG and SG sensors when interference
was not observed, 9.39%, were statistically lower than the differences when interference
did occur, 22.2% (p<0.05).

After the FBG sensor was withdrawn from the annulus, the location of sensor
insertion was visually indistinguishable from the rest of the annulus. However, after SG
sensor insertion and withdrawal, a circular perforation was noted in the annulus at the
insertion site (Figure 5). In some cases, nucleus material was observed extruding from

these perforations after multiple loading cycles.
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Figure 5: Left antero-lateral view of porcine intervertebral disc showing perforation
(location 1) left in annulus as a result of SG (location 2) sensor insertion.

4. Discussion

We developed a new intervertebral disc pressure sensor employing in-fibre Bragg
gratings that has a small major diameter (0.4 mm) as compared to previously reported
disc pressure sensors of which the smallest had a diameter of 1.3 mm [2, 15, 16, 18]. We
attempted to validate the accuracy of the FBG sensor by comparing pressure
measurements made with the FBG sensor to those made with a needle mounted SG
sensor used in previous studies.

Pressure measurements made with the FBG sensor showed good agreement with
SG sensor results. The linear variation in intervertebral disc pressure with increasing and
decreasing compressive load obtained from the FBG-measured pressure data was
consistent with the results obtained from the SG sensor. The observed linear FSU
response to load is also consistent with previous studies using different types of sensors

[6, 11, 18]. Nachemson (1960) measured nucleus pressure in human cadaveric
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specimens and found a disc pressure response to load of 0.840 kPa/N in a L2-L3
specimen. McNally and Adams measured a disc response to load of 1.00 kPa/N (L2-L3
human specimen), and Cripton et al. (2001) measured disc responses to load ranging
from 3.00 kPa/N to 4.38 kPa/N, with coefficients of determination exceeding 0.99, in
human cervical specimens. Our results for disc response to load in porcine lumbar
specimens are higher than those reported above for human lumbar specimens, but
generally fall below those from human cervical specimens reported by Cripton et al.
(2001). A possible explanation for this is the well-known inverse relationship between
IVD pressure and disc cross-sectional area [6]. Our lumbar specimens did have lateral
diameters smaller than those reported for human lumbar discs (mean: 55.9 mm) [29] but
larger than those reported for human cervical discs (mean: 20 mm) [30].

The consistency of results with previous studies and between load cycles in the
current study also represents a significant improvement from the results obtained in our
previous study where we used bare FBGs (10 mm in length) in human cadaveric
discs.[27] These previous results did not generally agree with those from the SG sensors,
partially due to poor spatial resolution of pressure measurements using the bare 10 mm
FBGs. The new FBG sensor that we report in the current study has increased spatial
resolution because its active sensing region is limited to the end of the probe (0.4 mm
diameter).

We have not found any studies in the literature that attempt to measure effects on
disc pressure due to sensor insertion and interference with disc structures. However, our
results suggest interference between the vertebral endplates and the SG sensor may

explain the majority of results showing disagreement between the FBG and SG sensor
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measured disc pressure. We hypothesize that interference of the SG sensor with the
vertebral endplates could have caused load transmission through the SG sensor instead of
the annulus and nucleus thereby resulting in reduced disc pressure.

Our results also suggest that, in some specimens, the SG sensor damages the disc
in such a way that its mechanics are disrupted. Decreases in maximum disc pressure after
initial insertion of the SG sensor, found in three of the six specimens used in this study, is
not outlined in the current literature. However our results indicate damage as a result of
SG sensor insertion; the annular perforations mentioned previously could compromise the
ability of the nucleus to sustain hydrostatic pressure and result in load transfer to the
annulus.

A key strength of our work is that the new FBG sensor has the potential to address the
limitations associated with needle mounted sensors because of its small size and its
mechanical compliance and therefore could potentially be used to make minimally
invasive measurements of disc pressure in vivo and during discography. A limitation of
the current study is that we have not directly tested whether the SG sensor transmitted
load between the vertebrae when we observed interference. This motivates future work

on the SG sensor’s influence on disc displacements and rotations.
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Table 2: Mean values for disc response to load (kPa/N), coefficient of determination (r°),
and maximum measured pressure (MPa) along each sensor insertion axis. Disc diameter

and observations of SG interference are also tabulated.

Major Disc

Disc response to load" (kPa/N)

Coefficient of

Maximum pressure

Disc distraction’

Specimen Level  Diameter (mean + SD) determination® (r?)  measured® (MPa) (Yes/No)
(mm) FBG SG FBG SG FBG SG

left 3.06+2.36E-3  2.19+3.83E-4 0.99 0.99 1.58 1.10 Yes
antero-lateral

1 L3 36.2 right 160+151E-3 2.08+2.36E-4  0.98 0.99 0.767 1.04 No
antero-lateral

anterior 1.82+1.30E-3  1.93+4.52E-4 0.99 0.99 0.901 0.980 No

left 3.58+2.73E-3  2.61+1.94E-3 0.98 0.97 1.68 1.39 Yes
antero-lateral

2 L1 37.2 right 27942.09E-3 2.27+534E-4  0.98 0.99 1.42 1.19 Yes
antero-lateral

anterior 2.85+2.97E-3 2.69+4.18E-4 0.98 0.99 1.57 1.37 No

left 2.67+2.34E-3 2.08+3.77E-4 0.98 0.99 1.46 1.06 Yes
antero-lateral

3 L5 37.0 right 2.84+166E-3 295t1.93E-3 0.9 0.97 141 1.50 No
antero-lateral

anterior 3.09+5.38E-3  3.03+1.35E-3 0.92 0.99 1.48 151 No

left 3.19+1.25E-3 2.33+4.72E-4 0.99 0.99 1.62 1.20 Yes
antero-lateral

4 L3 375 right 2.784317E-3  231+244E-4 097 0.99 1.47 1.16 Yes
antero-lateral

anterior 2.34+1.90E-3  2.30+4.47E-4 0.98 0.99 111 1.15 No

left 2.50+3.18E-3  2.40+4.03E-4 0.96 0.99 1.23 1.22 No
antero-lateral

5 L5 38.1 right 2.68+4.81E-3 2.49+373E-4  0.90 0.99 123 1.28 No
antero-lateral

anterior 3.40+2.86E-3 2.27+1.19E-3 0.95 0.99 1.46 1.23 No

left 2.76£1.68E-3  2.51+4.28E-4 0.99 0.99 1.43 1.26 Yes
antero-lateral

6 L1 36.5 right 3.11+2.64E-3  2.43+6.56E-4 0.97 0.99 1.64 1.21 Yes
antero-lateral

anterior 2.36+1.77E-3  2.37+3.38E-4 0.99 0.99 1.17 1.18 No

Notes: ! Values tabulated are the mean of three measurements for each insertion axis

2 Distraction was noted only for SG sensor insertion

We acknowledge that the correlations between internal disc pressure, the extent

and degree of disc degeneration, and potential clinical symptoms related to degeneration

are poorly understood.

The new FBG sensor could potentially increase our

understanding of these correlations and may eventually lead to the clinical application of
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these sensors with the ultimate goal being an increase in the predictive power of
discography procedures while avoiding iatrogenic injury to the disk annulus as a result of
sensor insertion.
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Abstract

Biomedical pressure measurement is important in the context of both research and
clinical settings. Contemporary biomedical pressure sensors are based on miniaturized
piezo-resistive, strain-gauge or other solid-state sensing technologies. All of these
technologies have key limitations, when packaged into miniaturized sensors, including
fragility and long term instability. In-fibre Bragg gratings (FBGs) are an attractive
alternative to these electronics technologies because FBGs are: biocompatible, robust,
immune to electromagnetic interference and are mechanically compliant. FBGs can also
be used to measure multiple physical parameters and distributions of parameters.

We present a FBG-based pressure sensor that has pressure sensitivity 20 times
greater than that of a bare fibre, and a major diameter and sensing area of only 200 um
and 0.02 mm®, respectively. Increases in pressure sensitivity are achieved by reducing the
diameter of the fibre in the region of the Bragg grating, thereby resulting in reduced cross

sectional area and therefore increased axial strains for a given applied pressure. The
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presented design is an improvement over other FBG pressure sensors that achieve
increased sensitivity through mechanical amplification schemes, usually resulting in
major diameters and sensing lengths of many millimeters. Sensor sensitivity is predicted
using numerical models, and the predicted sensitivity is verified through experimental
calibrations. Calibration results demonstrate the FBG sensor’s ability to measure pressure
with sub-kPa repeatability. To our knowledge, this is the only FBG-based pressure sensor
of its size to achieve this repeatability.

1. Introduction

In-fibre Bragg gratings (FBGs) are used extensively as sensors for various
parameters including displacement [1], strain [2], temperature [3], pressure [3], humidity
[4], and radiation dose [5] among others. FBGs are an attractive alternative to other
piezoelectric, resistive or other solid-state sensing technologies because they are: small
(typically 125 pum in diameter), mechanically compliant, robust, chemically inert,
resistant to corrosive environments, immune to electromagnetic interference, and are
capable of simultaneous multi-parameter sensing when suitably configured [6].
Moreover, multiple FBG sensors can be multiplexed along a single optical fibre thereby
allowing spatially distributed measurements [7].

These qualities also make FBGs attractive for medical pressure measurement
applications; mainly because there is potential to create minimally invasive sensors that
address the limitations of current miniature sensors that have exhibited fragility,
inconsistency and excessive drift [8]. Clinically relevant applications include pressure
measurement in: cerebrospinal fluid (CSF), muscle compartments and blood-vessels.

Elevated cranial CSF pressure is caused by brain swelling after head-trauma [9] and can
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result in brain damage or death if it exceeds safe levels. It is also hypothesized that
elevated CSF pressure in the spinal-cord, which can be caused by various traumas, can
lead to cord or brain injury [10]. In muscle compartment syndrome, elevated pressure
during and after exercise interferes with blood flow and oxygen diffusion into the muscle
[11]. Differential pressures in arteries are caused by blood-flow constrictions such as
lesions or plaque deposits; therefore differential pressure measurements can indicate the
severity these constrictions. Pressure measurements across arterial stents, devices that are
implanted to restore the arterial diameter after constrictions are removed, can be used to
assess improvement in blood-flow.

Pressures within the CSF and blood, in the applications mentioned above, vary
over several kPa. However, FBG sensors with both the required pressure measurement
repeatability and small size do not exist. FBGs are applied only on a limited basis in
medical pressure measurement applications; primarily because bare FBGs possess low
sensitivity to hydrostatic pressure and are only capable of resolving pressure variations of
the order MPa.

In an effort to increase FBG sensitivity to pressure, mechanical amplification
schemes, such as polymer coatings on the fibre circumference [12-14] or pressure
diaphragms [15], have been developed. Sensors utilizing these schemes have increased
pressure sensitivity because the strain along the Bragg grating is amplified relative to the
case of a bare-FBG. For example, Xu et al. (1996) presented a glass-bubble (4 mm
diameter) housed FBG sensor [3] and Liu et al. (2000) [16], Sheng et al. (2004) [17] and
Zhang et al. (2001) [18] present polymer coated FBG sensors all with major diameters of

the millimeter order. Because of their increased size, these sensors do not retain the
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intrinsic benefits offered by FBGs: small size, spatial resolution and mechanical
compliance. In the context of medical pressure measurement applications, these large
sensors would be more invasive than current alternatives.

Recently, we were the first to develop a FBG-based IVD pressure sensor that had
both amplified sensitivity to pressure (i.e. seven times that of a bare fibre) as well as a
major diameter of only 400 pm and a sensing area of only 0.03 mm”. This sensor was
successfully validated against, and shown to be less invasive than, the current standard
sensor used in IVD pressure studies [19]. When this sensor was interrogated using fixed-
filter demodulation [20] it had a repeatability of 14 kPa [21]. To our knowledge no FBG
sensors have been presented with the pressure sensitivity and small size required for the
CSF or arterial blood-pressure measurements previously discussed.

The objective of this work was to design a new FBG sensor that has both
increased sensitivity to pressure as well as reduced major diameter, compared to our
previous IVD pressure sensor. This was achieved using a five step process. First, a new
conceptual design for a FBG sensor was developed to enable pressure sensitivity
amplification without increasing the sensor major diameter. Second, the pressure
sensitivity of this new conceptual design was calculated using a combined structural
finite-element (FE) and strain-optic model. Third, this model was used to study the effect
on pressure sensitivity of varying the size of several prototype design features. This was
accomplished by incrementally varying the size of the design features over ranges that
could be constructed in prototypes and then re-calculating the strains along the Bragg
grating for each incremental value of the design feature. Fourth, the model predictions

were verified by constructing two sensor prototypes (prototypes 1 and 2) and
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experimentally verifying that their sensitivities matched those predicted. Finally, based
on design insight gained from the models and verified through testing of prototypes 1 and
2, a third prototype (prototype 3) was constructed that has both increased pressure
sensitivity as well as reduced major diameter (as compared to the IVD pressure sensor).
The sensitivity of this final sensor was calculated using the FE/strain-optic model and
experimentally validated.

2. Materials and methods

2.1 FBG sensor conceptual design

A FBG pressure sensor design was developed to simultaneously satisfy four
design goals that are critical for low-pressure medical applications: small size,
mechanical compliance, high spatial resolution, and high sensitivity to pressure (Figure
1).

As shown in Figure la the sensor design is similar in configuration to our
previous IVD pressure sensor [19, 21] in as much as both sensors utilize a length of
stainless steel hypodermic tube that houses the FBG. The probe (Figure 1c) is gripped at
its left hand end in a strain-relief connector that consists of a modified optical fibre patch-
chord connector; within which a connection is made to an optical patch cord. The optical
patch cord connects to the interrogation system for the sensor. The internal design

features unique to the new FBG sensor are shown in Figure 1b.
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Figure 1: a) schematic of FBG sensor showing external features: probe, strain-relief, and
patch-chord b) section view of probe tip showing internal construction of sensor; c)
section view of probe tip showing sensor design features that were varied in the finite-
element study; d) schematic showing applied hydrostatic pressure on the probe; and e)
schematic showing that hydrostatic pressure is applied to both the outer surface of the
hypodermic tube and the exposed silicone.

A single-mode optical fibre (Corning SMF-28, Corning NY) is housed within,
and positioned along the center-line of the stainless steel hypodermic tube. The fibre is

positioned such that its terminal end is approximately aligned with the tip of the
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hypodermic tube. At the right-hand end of the hypodermic tube (Figure 1b), there is a
silicone seal (Dow Corning 3140 RTV, Midland MI) that covers the end of the
hypodermic tube and occupies the annular volume between the inside diameter of the
tube, Dt (Figure Ic), and the outside diameter of the optical fibre, Df (Figure 1c). The
length of the silicone seal that extends (from right to left in Figure 1b) from the
hypodermic tube tip toward the Bragg grating is designated as, Ls (Figure 1c). To the left
of the length of fibre contained within the silicone, Ls, there is a segment of fibre that has
reduced diameter, De (Figure 1c), that also contains the Bragg grating (10 mm length,
Micron Optics, Atlanta GA). The diameter of the fibre is reduced through a chemical
etching process that will be described subsequently. The nominal length of the fibre that
is reduced in diameter and contains the grating is designated as, Lg (Figure 1c). To the
left of the fibre segment of length Lg, the single-mode fibre extends toward the left, is
125 pm in diameter and is fixed in place with epoxy. The volume between the outside
diameter of the fibre and the inside diameter of the hypodermic tube, over the length of
the sensor between the silicone and epoxy, is occupied by air (Figure 1b), nominally at
atmospheric pressure.

When the probe of the sensor is exposed to hydrostatic pressure (Figure 1d and
le), this pressure acts on the cylindrical outer surface of the hypodermic tube and on the
sensing region (Figure 1b). Relative to the silicone, the tube is rigid and, therefore,
shields the optical fibre from the effects of the pressure on the outer cylindrical surface of
the tube. The pressure applied to the sensing region (Figure 1b) causes strains in the
silicone sealant and the optical fibre. Because there is a reduction in the cross sectional

area where the fibre diameter transitions from Df to De, the strains along the region of
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fibre with length, Lg, and diameter, De, are amplified relative to the strains in the
segment of fibre with diameter, Df. As described in the literature, strains in the FBG

induce changes in its Bragg wavelength, A, , the characteristic wavelength of light that is
reflected from a FBG [6]. Consequently, shifts in A, are amplified (relative to the case

where Df is equal to De) by etching the fibre cross section in the region of the grating.
Therefore, the pressure sensitivity is also amplified by etching the fibre as described
above.
2.2 Chemical etching

Prior to sensor construction and in preparation for chemical etching, the
polyimide jacket that protects the clad of the optical fibre is stripped by immersing the
fibre in a mixture of 1-part (by volume) hydrogen peroxide and 3-parts sulfuric acid for 4
minutes. The length of fibre stripped of its polyimide jacketing is approximately 200% of
the combined length Ls and Lg, extending from the terminal end of the fibre toward the
Bragg grating. The length of the fibre extending from the terminal end toward the Bragg
grating, nominally of length Ls, is then re-jacketed (to prevent HF etching along this
length) by applying polyethylene glue to the outside diameter of the fibre. The length of
the fibre stripped of its polyimide jacket is then immersed into hydrofluoric (HF) acid
(48% concentration) to etch the silica glass over the length, Lg, to the new reduced
diameter, De. The rate of fibre diameter reduction by HF etching was determined through
experiments to be 3.4 pum of silica glass per minute. A specified diameter for the etched
section, De, can be obtained by etching for a pre-determined period, this period is
calculating based on the rate of diameter reduction (i.e. 3.4 um/min). The etching process

was stopped by removing the fibre from the HF bath and immediately submerging it into
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a saturated aqueous solution of calcium hydroxide for ten minutes. Previous investigators
have shown that Bragg grating performance is not compromised by acid etching [22, 23]
to diameter as small as 25 um [24].

2.3 Finite-element model

The pressure-induced strains within the FBG sensor were calculated as a function
of applied hydrostatic pressure using a commercially available suite of finite-element
structural analysis codes (ANSYS® version 11, Canonsburg PA). Figure 2 is a schematic
that shows the model geometry as well as the displacement and pressure boundary
conditions.

A model of prototype 1 was created first, with the following dimensions for the
design features shown in Figure 1c: De=65 um, Df=125 pm, Dt=200 um, Lg=15 mm and
Ls= 1.4 mm. The hypodermic tube outside diameter was 400 pm. Applied pressures
were modeled from 0 kPa to 250 kPa to ensure that the strains experienced by the Bragg
grating would result in Bragg wavelength variations of greater magnitude than the
wavelength measurement accuracy of our interferometer (i.e. = 1.5 pm) (Wavemeter,
Burleigh WA-7000, Fishers NY). However, in our calibration studies using the fixed
filter demodulation technique, applied pressures were limited to the range associated with

the applications listed in the introduction.



117

No displacement

or rotation A
Applied pressure

bbb bbb hgbibidbidiedhy "
—FF””F””W@
AR AR RA AR RARAL :

2cm

o
| Steel: E =190 GPa; v = 0.28

@ Silicone: E =372 kPa; v = 0.49

Steel epoxy: E =190 GPa; v=0.28

|:| Silica glass: E =70 GPa; v=0.17
Figure 2: Schematic showing dimensions and displacement/pressure boundary conditions
used in the finite-element model. Pressure is applied to entire sensor length.
Displacement constraints applied at left-hand-end of hypodermic tube. Materials and
properties as indicated.

The pressure induced strains for the prototype 1 model were first obtained by
solving a model meshed using PLANE182 (tetrahedron) [25] elements for 250 kPa
applied pressure to ensure model deflections were maximum. Mesh refinements were
subsequently performed until the relative difference in the predicted strain (along the
Bragg grating) between subsequent models was less than 1%. Once the mesh
convergence was established, the element type was changed to PLANE42 [25] (triangle)
elements to verify element-type independence of the solution by ensuring the relative
difference in the average predicted strain along the Bragg grating was less than 1%.

The effect on sensor sensitivity of varying the size of the design features (Figure

Ic) was also calculated. Starting with the dimensions of prototype 1, each design feature

was incrementally varied over a range of values (Table 1) that could be achieved using
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the sensor construction methods available, while holding the size of all other features
constant. At each increment, the increase or decrease on sensor sensitivity was assessed
by calculating the strains along the Bragg grating. FE models were also solved as part of
the development of prototypes 2 and 3. Details of these prototypes will be presented in
the results.

Table 1: minimum size, size increment value, and maximum size of design features
modeled in finite-element study. Overall sensor length was constant (2cm).

Design feature Minimum size Increment Maximum size
(um unless noted) (um unless noted) (um unless noted)
De 25 20 125
Df 65 20 165
Dt 139.7 * 280
Lg 2.5 mm 2.5 mm 15 mm
Ls 0.25 mm ok 2 mm

* Specified for commercially available hypodermic tube sizes
** Variable increment used

2.4 Strain-optic model
As will be discussed in Section 3, and as shown in Figure 3a, pressure applied to
the sensing region (Figure 1b) causes uniform compressive strain along the z-axis of the

Bragg grating. Uniform axial strain, &,, and transverse strain, &, andé&,, have been shown

to result in predictable variations in the Bragg wavelength, A, , while the full-width at half

maximum (FWHM) and the maximum reflectivity remain constant [26], as shown in
Figure 3b. Because the strains are uniform along the grating, variations in the Bragg
wavelength can be predicted by treating the grating as a whole and using a single
equation [7]. Conversely, FBG sensors that have non-uniform strains along the Bragg

grating (such as our previous IVD pressure sensor [21]) require more complicated, and
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computationally onerous, strain-optic formulations [26-29] to predict wavelength,

FWHM and peak reflectivity variations.
Shifts in the Bragg wavelength, denoted by A4, can be predicted from the strain

along the grating using the following closed-form relation that has been extensively

discussed/derived by previous investigators [3, 7, 30]:

A2, n,
I - gz _70[ pzzgz + pzxgx + pZ)’gY:I (1)

where n, is the nominal index of refraction of the fibre specified in the model at 1.44 and
P, P, =P,are elements of the photo-elastic tensor specified at 0.252 and 0.113,
respectively [7]. The strains, &, ,¢&, 2 Eys along the core of the fibre were obtained from

the results of the FE models and were used in Equation (1) to determine the shift in the
Bragg wavelength, A4, as a function of applied hydrostatic pressure.

2.5 FBG sensor calibration

Two calibration protocols were used to allow collection of two types of
calibration data. In the first protocol, data was collected as a function of applied pressures
in the form of Bragg wavelength variations. This data was collected because FBG sensor
sensitivity is usually reported in terms of wavelength shift versus applied pressure;
therefore, by collecting data in this format increases in sensor sensitivity relative to other
sensors can be assessed. In the second protocol, we used fixed filter demodulation to

collect calibration data in the form of voltages as a function of applied pressures.
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Fixed filter demodulation is known to offer higher repeatability than that offered by
wavelength measurement with Wavemeters or optical spectrum analyzers [20]. By
collecting data in this format we can assess improvements to pressure measurement
repeatability achieved by using a commonly employed FBG interrogation method.

Experimental data in the form of Bragg wavelength versus applied hydrostatic
pressure, ranging from 0 kPa to 250 kPa, was obtained using a purpose-built calibration
apparatus. This experimental data was collected to allow validation of the FBG sensor
FE/strain-optic model predicted sensor sensitivity.

The calibration apparatus was configured similarly to that described by Xu et al.
(1993) [3] and included a broad C-band light source (AFC-BBS1550, Milpitas CA), a bi-
directional 3 dB optical coupler (Blue Road Research, Gresham OR), a Wavemeter
(specified previously), a purpose built pressure vessel and a reference pressure transducer
(OMEGADyne PX01C1, Stamford CT, Acc.: 0.05% FS 70 kPa).

The FBG sensor was inserted into the pressure vessel and sealed via a bulkhead
fitting. Pressure was manually varied from 0 kPa to 250 kPa to 0 kPa (as reported by the
reference transducer) using a manual hydraulic pump (ENERPAC P141, Milwaukee WI)
while Bragg wavelength variations were recorded from the Wavemeter. This procedure
was repeated three times for each sensor that was tested.

We also commissioned optical interrogation equipment, designed to convert
changes in Bragg wavelength to analogue voltages similar, to that described in Nunes et
al. (2004) [20]. The fixed filter demodulation technique [20] allows direct calibration of
the FBG sensor in terms of analogue voltage versus pressure. This demodulation

technique and the calibration apparatus were used to calibrate the FBG sensor from 0 kPa
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to approximately 13 kPa. Analogue voltage versus applied pressure was acquired at 60
Hz and the average sensitivity of the sensor was calculated, using linear-regression from
3 calibration datasets acquired using hardware and software implemented in LabView©
(Version 8, Austin TX).
3. Results
3.1 Finite-element predicted strains

The prototype 1 model (described in Section 2.3: De=65 pum, Dt=200 um, tube
outside diameter 400 um) satisfied all convergence criteria (outlined in the Methods) with
an axisymmetric mesh of 28,000 PLANE182 elements and with nominal distance of 1.25
x 10” m between element nodes. This mesh also satisfied all ANSYS® aspect ratio
criteria [31] both before the model was solved and after the model was solved and the
mesh had deflected. The relative difference in the predicted strains using PLANE182 [25]

(tetrahedron) elements and PLANE42 [25] (triangle) elements was 0.08 % (¢&,) and 0.00
% (&,,¢,) and satisfied the element independence criteria outlined in the Methods.

Figure 4a shows the strains along the core of the optical fibre (Figure 2: x=y=0)
for 250 kPa applied pressure. Progressing from right to left along the sensor (Figure 4),
both axial and transverse strains have constant magnitude along Ls until the cross-
sectional diameter of the fibre transitions from Df to De. Along the length of the fibre
that is etched (which contains the Bragg grating of length Lg) the strains are amplified
relative to those encountered along the fibre length Ls as shown by the abrupt increase in
strain magnitude at 18.6 mm. Progressing towards the length of fibre supported by the
epoxy, the strain magnitudes diminish where the fibre diameter increases from De to Df

again (position of 3.6 mm). The variations in strains shown in Figure 4a are typical of all
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the sensor prototypes modeled. Figure 4b shows that both the axial and transverse strain
magnitudes along Lg are linear functions (r*=1.00) of the applied pressure on the sensor.
It is also worth noting that the transverse strains plotted have magnitude equal to the
product of the Poisson ratio of the fibre and the axial strain (i.e. they are due to transverse
expansion of the fibre resulting from axial compression). The predicted variation in the
strains shown in Figure 4b will result in a linear variation of the Bragg wavelength with
pressure.

We also verified that the strains were uniform over the entire cross-section of the
core of the single-mode fibre (diameter 9 pm) that contains the Bragg grating (over Lg,
and 0<x,y<9 um). The average difference between the strains predicted along the center-
line of the core (over Lg, and x=y=0) and the outside diameter of the core was less than

0.01 % of the strain magnitude over Lg, for both axial and transverse strains.
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Figure 4: a) Strain data plotted versus position along sensor, for 250 kPa applied pressure
on the prototype 1 model described in the Methods; b) magnitude of strains along the
etched region of the fibre (corresponding to the Bragg grating location) plotted versus

varying applied pressure.
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3.2 Effects of feature size on strain along FBG

Figure 5 shows the effect (increase/decrease in axial strain along grating) of
varying the size of the design features shown in Figure lc. The results shown were
obtained from the FE study where the initial value of all design parameters matched those
of prototype 1. The sizes of the design features were varied one at a time, incrementally,
while holding the size of all other features constant. To avoid plotting negative strain
magnitudes throughout the balance of this paper, all strains are plotted as positive
quantities.

As shown in Figure 5b, reducing the diameter Dt from 200 um to 139.7 um leads
to 65 % decrease (normalized to strain of the prototype 1 model) in the axial strain.
Conversely, reduction in overall sensor length increases the axial strain, as shown by
Figures 5d and 5e for Lg and Ls, respectively. Reducing the length of the Bragg grating,
Lg, from 15 mm to 2.5 mm results in a 42 % increase in the axial strain. Furthermore,
reducing the length of the silicone, Ls, from 1.4 mm to 0.25 mm results in a 44 %
increase in the axial strain (Figure 5Se).

As shown in Figure 5Sc, if Df is etched so that it is equal to De, there is only a 23
% decrease in the axial strain along the grating (relative to the prototype 1 model).
Furthermore, reductions in De result in the most drastic increases in the axial strain along
the grating (Figure 5a). Reducing De from 65 pm to 25 pum results in a strain magnitude
increase of 947 %, which is far more than any reduction in strain that results from

varying other design parameters (Figure 5f).
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Figure 5: Variations in the axial strain along Bragg grating for various sizes of the design
features, and for 250 kPa applied pressure. Strain levels for the prototype 1 model
denoted in each plot. Shown at bottom-right, Variations in axial strain for all design
parameters plotted against non-dimensional values of the parameter values. More than
any other design parameter, reduction in de amplifies strain along Bragg grating.

The principal design objectives of the sensor development were to increase

sensitivity to applied pressure as well as to reduce the major diameter of the sensor. The
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latter objective is achieved by constructing sensors with reduced hypodermic tube
diameter. Reducing Df to equal De could potentially allow sensors having the smallest
major diameters. By constructing sensors in such a manner, the fibre segments Lg and Ls
would have identical diameters, thereby allowing smaller hypodermic tubes than may
otherwise be achievable when Df is greater than De. The results presented above show
that FBG sensors of the presented design could achieve both reduced sensor diameter as
well as amplified pressure sensitivity.
3.3 FE/strain-optic predicted pressure sensitivity and experimental validation

To verify the results obtained from the FE study, the pressure sensitivities

(A4, / AP) of the prototype 1 model and two additional prototypes (prototypes 2 and 3)

were calculated using the predicted strains and the strain-optic model. The dimensions of
these prototypes are given in Table 2. Figure 6 shows the FE/strain-optic-predicted and

experimentally measured variations in the Bragg wavelength, AA,, versus applied

pressure, AP , for prototype 1. As shown, the predicted and experimentally measured
sensitivities match to within 3.5 % (experimental result is reference for comparison)
(Table 2). The sensitivity of the prototype 1 is approximately 20 times that of a bare
FBG, as shown in Figure 6 [3]. Table 2 shows the predicted and measured pressure
sensitivities of prototypes 2 and 3. As shown, the predicted and measured sensitivities are
all approximately 20 times that of a bare-FBG and match extremely well, with relative

differences of 7.01 % and 2.04% for prototype 2 and 3, respectively.
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Table 2: Predicted and experimentally measured pressure sensitivities for the three FBG
sensor prototypes. Design features sizes are specified for each prototype. Pressure
sensitivities (pm/MPa) and correlation coefficients () obtained from regression
calculations.

Predicted Experimentally
Desien pressure measured pressure Sensitivity
Prototype feature gsizes sensitivity sensitivity Bare-FBG
(pm/MPa) (pm/MPa) sensitivity
()" ()"
De=65 um
(D Df=125 um
400 '62.4 '60.3
MM D=200 um 19.5
outside 1.00 0.99
diameter ~ Lg=15 mm
Ls=1.4 mm
De=37 pm
2) Df=125 um
3 56 '68.7 '64.2
Hm Dt=178 um 20.7
outside 1.00 0.99
diameter ~ Lg=15 mm
Ls=1.4 mm
De=25 um
€) Df=25 pum
200 '59.9 '58.7
MM Dt=165 um 19.0
outside 1.00 0.99
diameter ~ Lg=15mm
Ls=1.4 mm

+ . . . .
Notes: * correlation coefficients obtained from regression
calculations
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Figure 6: Predicted and experimentally measured change in Bragg wavelength versus
applied pressure for prototype 1. Vertical error bars (= 1.5 pm) correspond to absolute
accuracy of Wavemeter. Horizontal error bars (£ 0.034 kPa) are not visible at scale
shown but correspond to the accuracy of the reference transducer. Data points also
plotted based on published sensitivity of bare-FBG pressure sensor to show scale of
sensitivity increases.
3.4 Fixed filter demodulation

The calibration data presented to this point has been in terms of Bragg wavelength
variations versus applied hydrostatic pressure. Wavelength variations were measured
using the Wavemeter. The results presented in this section were collected using the fixed
filter demodulation technique mentioned in the Methods. Calibration results, for
prototype 3, obtained using the fixed filter demodulation technique demonstrate the
sensor’s ability to measure pressure variations of the order kPa, as shown in Figure 7.

The average regression-calculated slope from the three calibration data sets was 1.43 +

0.023 mV/V/kPa (mean + standard deviation). The regression-calculated vertical error
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bars (Figure 7) increase in size as applied pressure increases based on the uncertainty in
the regression-calculated slope [32]. The minimum value is + 0.20 mV/V which increases
at a rate of 0.023 mV/V/kPa to = 0.51 mV/V at 13.64 kPa. The uncertainty in pressure
measurement is estimated as the maximum error (i.e. £ 0.51 mV/V) divided by the

regression-calculated slope (i.e. 1.43 mV/V/kPa) and has a value of + 0.36 kPa.
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Figure 7: Example calibration results showing variations in voltage versus applied
pressure obtained using the FBG sensor and fixed filter demodulation technique. Vertical
error bars obtained from regression, horizontal error bars (£ 0.034 kPa) not visible at
scale shown, but correspond to accuracy of reference transducer.
5. Discussion

We have shown, through both modeling and experimental validation, that

reduction in the fibre diameter over the length of the grating can lead to significant strain

amplification. By amplifying the strain experienced by the Bragg grating, sensor
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sensitivity is amplified compared to the case of a bare-FBG with a typical single-mode
fibre diameter. As shown in Figure 5a through 5f, reductions in the etched diameter, De,
lead to the greatest increases in axial strain along the grating.

This new FBG sensor design simultaneously achieves increased pressure
sensitivity, reduced major diameter and high spatial resolution. The 200 um diameter

prototype (shown in Figure 8) has a sensitivity (A4, /AP ) of 58.7 pm/MPa, which is

approximately 19 times that of a bare-FBG (i.e. 3.1 pm/MPa) and approximately 3 times
that of our previous IVD pressure sensor which had an outside diameter of 400 pum (i.e.
20 pm/MPa). Furthermore, the sensing region of this 200 um diameter prototype is only
0.02 mm®. The bare-fibre, 400 um prototype and 200 pm prototype are shown in Figure

8.

200 micron
prototype

400 micron
prototype

L

Figure 8: Image showing relative diameters of prototype 1 (400 um outside diameter),
smallest FBG sensor prototype (200 um outside diameter) and bare single-mode fibre
(nominal 125 pm outside diameter).

mm scale

To compare the performance of the etched FBG sensor to other FBG sensors

presented in the literature, the pressure sensitivities of the various FBG sensors were
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plotted versus sensor major diameter. Figure 9 shows, for some of the FBG sensors in the
literature, the ratio of FBG sensor sensitivity to bare-FBG sensitivity plotted against the
ratio of FBG sensor diameter to bare-FBG diameter. The polymer coated FBG sensors
presented by Sheng et al. (2004) and Zhang et al. (2001) have the greatest sensitivities
(Figure 9) however they also have the greatest major diameters [17, 18]. For example the
polymer coated sensor of Zhang et al. (2001) is 100 times larger than a bare-FBG and the
sensor presented by Sheng et al. (2004) is almost 200 times larger. In the context of
biomedical pressure measurement applications these sensors have major diameters that
are much too large for in vivo applications [8] and likely also have limited utility in ex
ViVO experiments.

The IVD sensor and etched sensors are the only sensors plotted in Figure 9 that
have both increased pressure sensitivity and sub-mm major diameters, as required for
biomedical applications [8]. The IVD pressure sensor [Spine ref] has increased
sensitivity, approximately seven times that of a bare-FBG, and a major diameter only 3.2
times that of a bare-FBG (i.e. 400 pm). The new FBG sensor prototypes 1, 2 and 3 have
even greater sensitivities, approaching those of the smallest polymer jacketed sensors
(Figure 9) [18]. Prototypes 1 through 3 all have sensitivities approximately 20 times that
of a bare-FBG. Prototype 3 (200 pm outside diameter) has a major diameter that is only

60 % greater than a bare-fibre (Figure 9).
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Figure 9: Logarithmic ratio FBG sensor sensitivity/bare-FBG sensitivity versus the
logarithmic ratio of sensor diameter/bare FBG diameter.

When the 200 pm prototype is interrogated with fixed filter demodulation, the
increased physical sensitivity of the sensor and the increased repeatability of the fixed
filter demodulation [20], result in a sensing system that is appropriate for pressure
variations of the order kPa (Figure 7). Future work will include refinements to the fixed
filter demodulation scheme to achieve even greater repeatability in pressure
measurements.

6. Conclusions
In this paper we describe the design, analysis and performance of a FBG pressure

sensor that has pressure sensitivity much greater than that of a bare FBG (i.e. 20 times)
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while maintaining both small size (i.e. only 200 pm diameter) and mechanical
compliance. Increases in pressure sensitivity are achieved through mechanical
amplification of axial strains experienced by the Bragg grating. Mechanical amplification
is achieved by reducing the diameter of the fibre in the region of the Bragg grating,
thereby resulting in reduced cross sectional area and therefore increased axial strains for a
given applied pressure.

Pressure sensitivity of the sensors was modeled using a combined finite-element
and strain optic formulation. Strains along the Bragg grating were predicted using the
finite-element model, and these strains were then used in strain-optic equations to predict
the corresponding shift in the Bragg wavelength for various applied pressures.
Furthermore, potential increases/decreases in sensor sensitivity were studied by varying
the size of several sensor features and calculating the resulting increase/decrease in the
axial strain along the grating.

Three sensor prototypes were constructed and experimentally calibrated. The
experimentally measured sensitivities were compared to the predictions of the model
described above and good agreement was observed. Sensor calibration was then repeated
using a fixed filter demodulation technique. Results obtained showed this new FBG
sensor is capable of resolving pressure variations of the order kPa. To our knowledge,
this is the only FBG sensor of this size (200 um outside diameter) capable of resolving

pressure variations of this magnitude.
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