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Abstract
We present an in-fiber Bragg grating (FBG) based intervertebral disc (IVD) pressure sensor
that has pressure sensitivity seven times greater than that of a bare fiber, and a major diameter
and sensing area of only 400 µm and 0.03 mm2, 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. 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 to
conduct new measurements that could lead to new understanding of the biomechanics.
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1. Introduction

In-fiber 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 µm 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 fiber, thereby allowing
spatially distributed measurements [7].

These characteristics also make FBGs attractive for
biomedical applications where electronic technologies have
historically been applied. For example, Mohanty et al (2007)
used a multiplexed FBG array to map stress in knee prosthetics
to understand the effect of prosthetic misalignments [8]. Talaia
et al (2007) measured strains in fractured and intact synthetic
femurs to understand the effects of fracture fixation plates [9],
and Carvalho et al (2006) and Tjin et al (2001) measured
strain and force in studies involving various dental implants
[10, 11]. FBG-based strain sensors have also been applied to
measurement of ventilatory movements [12].
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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.

Conversely, FBG sensors have not been applied in
biomedical pressure measurement applications, primarily
because bare FBGs possess low sensitivity to hydrostatic
pressure. Mechanical amplification schemes, such as polymer
coatings on the fiber circumference [13–15] or pressure
diaphragms [16], 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], Liu et al (2000) [17], Sheng et al (2004)
[18] and Zhang et al (2001) [19] present polymer-coated
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
[20].

Recently, we were the first to apply bare FBGs (125 µm
diameter and 10 mm length, Bragg wavelength 1550 nm) to
measurement of intervertebral disc pressure [21], which ranges
over 3 MPa in cadaveric human discs [22]. Although the
FBG pressure measurements were consistent with those found
in previous disc pressure studies [21], they were not always
consistent with measurements made using the current standard
strain gauge-based sensor for disc pressure measurement
[23–27]. 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 fiber and a major
diameter of only 400 µm. 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.

2. Pressure measurements in intervertebral discs

The mechanical structure of the spine consists of bone
vertebrae separated by intervertebral discs (IVDs). Figure 1(a)
shows a motion segment of the spine including both a superior
(upper) and an 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 1(a)). When the spine
and, therefore, the motion segment are loaded in compression
(figure 1(b)) the vertical distance between the vertebrae is
reduced, thereby reducing the IVD height from its nominal
unloaded height (figure 1(b)). 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 1(c)). The nucleus pressure is exerted
on both the superior and inferior vertebrae and on the lateral
annulus, thereby resulting in equilibrium of loads.

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 [26, 27].

The development of disc degeneration is a multi-factorial
process in which disc mechanics is thought to play an
important role [28, 29]. Therefore, understanding human
IVD mechanics is central to understanding the etiology and
symptoms of disc degeneration [22]. Pressure distributions
in IVDs are an important indicator of disc mechanics that
have been measured both in vivo (i.e. in living subjects and
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Figure 2. (a) Schematic showing construction of the in-fiber Bragg grating pressure sensor. (b) Applied hydrostatic pressure over the
hypodermic tube and sensing region.

clinically) [30, 31] and ex vivo (i.e. in cadaver specimens
for research purposes) [22, 32–35]. It is known that, in the
lumbar spine, nucleus pressure increases linearly with applied
compressive load and is hydrostatic in healthy discs [22], while
in degenerated discs this hydrostatic behavior is disrupted [36].

Investigators have sought to understand disc mechanics
and degeneration through pressure measurements using rigid
needle-mounted strain gauge (SG) sensors [37]. 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 [23–27]. These
SG sensors are housed in large needles (1.3 mm to 3 mm
diameter) that can injure the fibers of the annulus and alter
the mechanics of the IVD [37]. 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 1(a) [37, 38]. These drawbacks
limit the utility of the sensors for ex vivo research and, in
clinical applications, may have long term effects on disc
health and degeneration that are not completely understood
[27, 37]. These long-term effects have limited the use of
pressure measurements to mainly ex vivo experiments and
thick discs [37].

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 2(a)). 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 [39].

The FBG is written into a photosensitive optical fiber
of similar dimensions to that of common single-mode optical

fiber (e.g. Corning SMF-28, Midland MI), and is housed within
a length of stainless steel hypodermic tube (0.4 mm outside
diameter and 0.1 mm wall thickness). The fiber 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 2(a). To allow sensor
insertion, a cutting tip needle is used to pierce the annulus;
however, this sensor design can also be constructed with a
cutting tip thereby allowing sensor insertion without the aid
of another needle. A Bragg grating (Blue Road Research,
Gresham OR, 10 mm length) is UV-written into the core of the
fiber and is positioned at the right-hand end of the fiber. The
annular volume between the inside diameter of the hypodermic
tube and the outside diameter of the optical fiber 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 fiber. The
sensing region of the sensor consists of the exposed surfaces
of silicone sealant and optical fiber at the right-hand end of
the tube and has an area of only 0.03 mm2. At the left-hand
end, the hypodermic tube is gripped in a modified optical fiber
patch-chord connector within which a connection is made to
an optical patch cord. The length of the 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 FBG sensor is exposed to
hydrostatic pressure, the pressure acts on the cylindrical outer
surface of the hypodermic tube and on the sensing region
(figures 2(a) and (b)). Relative to the silicone, the tube is
rigid and, therefore, shields the optical fiber 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, λB, the characteristic
wavelength of light that is reflected from a FBG [6].
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Figure 3. Schematic showing dimensions and displacement/pressure boundary conditions used in the finite-element model. Pressure is
applied to the entire sensor length.
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Figure 4. (a) Example data for axial, εz, and transverse, εx, εy , strains 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, λB; 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.

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 R© version 10,
Canonsburg PA). Figure 3 is a schematic showing the model
geometry as well as the displacement and pressure boundary
conditions.

The hypodermic tubing was specified as 300 series
stainless steel with Young’s modulus and Poisson ratio of
190 GPa and 0.28, respectively [40]. The Young’s modulus
and Poisson ratio of the silica glass optical fiber 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) [41] elements for 3 MPa applied pressure
to ensure that 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) [41] 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%.

3.3. Strain-optic model

As will be discussed in section 4 and as shown in figure 4(a),
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, εz, and transverse strains, εx

and εy , have been shown to result in variations in the Bragg
wavelength, λB, as well as increases in the full-width at half
maximum (FWHM) and decreases in the maximum reflectivity
of a Bragg grating [42] as shown in figure 4(b). 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].

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
[42–45]. In this research, we employed the transfer-matrix
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Figure 5. (a) Schematic showing Bragg grating pitch � and length L of unstrained grating, and (b) schematic showing grating with a strain
gradient along the z-axis. Li and �i are the average length and pitch of each sub-grating element used in the τ -matrix formulation.

(τ -matrix) formalism presented by Huang et al (1995) [42].
The physical background and mathematical formulation of the
τ -matrix method is detailed elsewhere [42]. The details of its
implementation are summarized here.

The reflected Bragg wavelength, λB, 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 τ -matrix formulation
requires discretization of the original grating into sub-gratings
of length Li and average grating pitch �i (figure 5(b)). 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 5(b)) by[

A(0)

B(0)

]
= [τ1][τ2]......[τn]

[
A(L)

B(L)

]
, (1)

where [τi] represent the transfer matrices (τ -matrices) for each
sub-grating of length Li . The reader is referred to Huang et al
(1995) [42] for the functional form of the τ -matrices.

For each sub-grating, calculation of the τ -matrix requires:
the average index of refraction, n̄i ; the average grating pitch,
�i and the length, Li . In this model, we assume that the
periodic modulation in the index of refraction was a sinusoidal
function of position z along the grating [42]:

n(z) = no + �no cos

(
2πz

�

)
, (2)

where n(z) is the index of refraction at a given location, z; no

is the nominal index of refraction of the fiber (assumed here
to be 1.44) [42]; �no is the amplitude of the index change
(assumed here to be 7 × 10−5) [42]; and � is the pitch of
the original unstrained grating (assumed to be 517 nm) [42]
(figure 5(a)).

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

n̄i = no + �no cos

(
2πz

�

)
− 1

2
n3

o(p11εz + p12εx + p12εy),

(3)

where p11 and p12 are elements of the photo-elastic tensor
(0.252 and 0.113, respectively [42]) that relate elastic strain to
changes in index of refraction [7], εz, εx and εy 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, �i , is also calculated using the strains
as

�i = �(1 + εz), (4)

where � is the pitch of the unstrained grating (figure 5(a)).
The reflected light intensity versus wavelength spectrum from
the grating is found by solving equation (2) for A(0) assuming
B(0) has a constant intensity of unity for all wavelengths (i.e.
B(0) = 1 and B(L) = 1 − A(0)) [42]:

R(λ) =
∣∣∣∣A(0)

B(0)

∣∣∣∣
2

, (5)

where R(λ) is the wavelength, λ, dependent light intensity
reflected by the grating and is the norm of A(0)/B(0).

The strains, εz, εx , εy , along the core of the fiber 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,
were obtained using a purpose-built calibration apparatus.
These experimental data were collected to allow validation
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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.

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 analog
voltages similar to that described in Nunes et al (2004)
[46]. The fixed-filter demodulation technique allows direct
calibration of the FBG sensor in terms of analog voltage versus
pressure. This demodulation technique, and the calibration
apparatus, was used to calibrate the FBG sensor from 0
MPa to 3 MPa. Analog 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
ten calibration datasets acquired using hardware and software
implemented in LabView R© (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
noncollinear 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) [36].

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 25 ga (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.

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 center of the nucleus
(figure 6). The center 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−1. Load data were 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 were acquired from
the FBG sensor using the fixed-filter demodulation technique
already described.

We repeated the procedures above using a needle-mounted
strain gauge sensor (SG sensor, figure 7) (Model 060S;
pressure range, 0–3.5 MPa; 2.45 mm diameter; Precision
Measurement Co., Denton, Ann Arbor, USA). This type of
sensor has widely been used by other investigators studying
IVD pressure [23–27]. Each sensor was used to measure
pressure three times at each insertion location.

4. Results

4.1. Finite-element model

The 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 × 10−6 m; silicone: 5 × 10−6 m and fiber:
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Figure 7. Image showing relative diameters of SG sensor and FBG
sensor. Sensing region of SG sensor consists of circular strain-gauge
element near tip of the needle.

(This figure is in colour only in the electronic version)

15 × 10−6 m. This mesh also satisfied all ANSYS R© aspect
ratio criteria [47] both before and after the model was solved,
and the mesh had deflected.

The relative difference in the predicted strains of the model
using PLANE182 (tetrahedron) [41] elements and PLANE42
(triangle) [41] elements was 0.089% (εz) and 0.20% (εx, εy)
and satisfied the element independence criteria outlined in the
methods.

Figure 8 qualitatively shows the deflections of the silicone
and fiber as revealed by the finite-element model. As applied
pressure is increased from 0 MPa to 3 MPa, the silicone
and fiber deflect mainly in the z-direction (to the left of
the undeformed edge in 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

Figure 8. Top: probe of FBG sensor subjected to applied pressure; and bottom: section view showing scaled deformations around the FBG
sensor tip.

modulus is several orders of magnitude smaller than both the
optical fiber and steel.

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 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
fiber 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 µm [48]. 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 nε (0.04%) for the axial strain, εz and 3.3 nε

(0.12%) for the transverse strains, εx, εy , respectively.
We also checked that the sensing region was limited to

the end plane formed by the exposed silicone and optical fiber
(figure 2(a)) and not the entire length of the grating. This
was done by checking that strain magnitudes along the grating
were not influenced by a change in the pressure applied to
the cylindrical surface of the hypodermic (figure 3). The
calculated strains for 3 MPa applied pressure on the sensing
region and cylindrical surface were compared to the strains for
the case where 3 MPa was applied only to the sensing region.
The strain magnitudes along the grating were found to differ
by less than 0.01%.
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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 τ -matrix model,
is shown for 0 MPa and 3 MPa 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.
Experimentally measured spectra are also shown in figure 10
and, like the calculated spectra, show that with increasing
pressure the Bragg wavelength is blue-shifted without
significant spectral broadening.

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 [1]. 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 datasets, or

the change in Bragg wavelength over the change in applied
pressure (�λ/�P ). From linear-regression calculations the
finite-element/strain-optic calculated sensitivity is −23.9 pm
MPa−1 (r2 = 1) whereas the experimental sensitivity is
−21.5 ± 0.07 pm MPa−1 (mean ± standard error from five
trials) (r2 = 0.99). The relative difference between these
sensitivities is 11.1% where the experimental sensitivity is
the reference for comparison.

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−1) 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.

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%.

During the IVD pressure measurements with fixed-filter
demodulation, the FBG sensor spectrum was monitored using
the optical spectrum analyzer. This was done to ensure that
compressive transverse loads applied by the annulus on the
probe length did not result in birefringence along the FBG.
We did not observe any changes in the sensor spectrum that
could have been potentially caused by birefringence; including
increases in the FWHM, or decreases in the peak reflectivity.
The only changes in the FBG sensor spectra were shifts in the
Bragg wavelength.

5. Discussion

A key strength of this work is that the FBG sensor has a
sensitivity (i.e. −21.5 pm MPa−1) approximately seven times
greater than that of a bare-FBG sensor (−3.1 pm MPa−1) while
maintaining extremely small size (400 µm 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 a major diameter of
5.5 mm and sensitivity four times greater than a bare fiber [49].
Liu et al (2000) present a polymer-coated FBG sensor with a
major diameter of 15 mm, length of 50 mm and sensitivity 30
times that of a bare fiber [50]. Sheng et al (2004) and Zhang
et al (2001) report sensitivities 10 900 and 1720 times greater
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Figure 10. Model calculated and experimentally measured reflection spectra of the FBG sensor. With increasing pressure, spectra are
blue-shifted with negligible increase in the FWHM.
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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 dataset 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.

Table 1. Regression-calculated disc response to load (kPa N−1) with standard deviation (SD), coefficient of determination (r2) 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 pressure
Location (kPa N−1) (mean ± SD) r2 measured (MPa)

1 Cycle 1 2.78 ± 2.18 × 10−3 0.99 1.52
Cycle 2 2.79 ± 3.11 × 10−3 0.99 1.52

2 Cycle 1 2.94 ± 1.39 × 10−3 0.99 1.48
Cycle 2 2.76 ± 2.79 × 10−3 0.99 1.49

3 Cycle 1 3.20 ± 1.87 × 10−3 0.99 1.63
Cycle 2 3.17 ± 1.62 × 10−3 0.99 1.59

than a bare for polymer-coated sensors with major diameters
of 22 mm and 13 mm, respectively [18, 19]. 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-gauge sensor.
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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−1). Maximum measured pressure is measured pressure at 500 N compressive load.
Vertical error bars on FBG sensor data (±0.014 MPa)were 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.

Table 2. Regression-calculated disc response to load (kPa N−1) with standard deviation (SD), coefficient of determination (r2) and
maximum measured pressure for the IVD pressure data obtained using the FBG and SG sensors. Data shown for each insertion location are
averaged from three measurements.

Disc response to load Maximum pressure
(kPa N−1) (mean ± SD) r2 measured (MPa)

Location FBG SG FBG SG FBG SG

1 2.67 ± 2.34 × 10−3 2.08 ± 3.77 × 10−4 0.98 0.99 1.46 1.06
2 2.84 ± 1.66 × 10−3 2.95 ± 1.93 × 10−3 0.99 0.97 1.41 1.50
3 3.09 ± 5.38 × 10−3 3.03 ± 1.35 × 10−3 0.92 0.99 1.48 1.51

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-gauge 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 1.3 mm
diameter [23]. 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 the cervical spine, specifically, there is a paucity
of experimental data; therefore there is potential to 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 results to validate its sensitivity
to hydrostatic pressure. The model includes both a strain-
optic model based on the τ -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-gauge sensor that has widely been 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-gauge
sensor.
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