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Highlights

e An optical fiber intensity modulated sensor that can monitor the bending of lower back
bone in both sagittal and frontal planes.

e The optical fibre sensor system has an operation range between -12° to +12° for both
bending modes.

e Sensor provides real time feedback to the clinical therapist when different postures are
sustained.

e Experimental results captured from the sensor mounted on human subjects were
correlated with angular deformation values obtained using a simultaneous image capture
method.

e All-plastic composition 3-D printed sensor that has advantage to be used in conjunction
with Magnetic Resonance Imaging (MRI) scanning machines as well as X-Ray based
scanning machines.
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Abstract: A mechanically robust and compact novel optical fibre sensor system is described to
monitor the bending of the lower back bone in both sagittal and frontal planes. Both bending
modes are monitored through the change of the coupled optical intensity ratio between three
output fibers aligned to one input fiber. This provides real-time feedback to the clinical therapist
when different postures are sustained. The output ratio is calibrated against bending angle using
an optical setup utilizing a precise rotational stage. The measured data is also correlated to the
curvature of the lower back through the implementation of an ad-hoc imaging scheme.
Sequences of images are also captured while the optical fiber sensor is attached on the skin
surface to the lower back. The imaging system tracks three spots placed on the sensor and skin to
trace the angle changes. The optical fibre sensor system has an operational range between -12° to
+12°. Tt is demonstrated that the sensor is suitable for clinical use with the additional benefits of
being non-invasive, robust, straightforward to use and low cost. It also allows record of spinal
curvature in the home and other real-world settings and potentially reduces the requirement for

the use of X-rays and MRI in the clinic.

Keywords: Optical Fiber Sensor, 3D printed sensor, Lower Back Bending Sensor, Lateral and
Sagittal plane motions

* Corresponding author.

E-mail address: wern.kam@ul.ie

1. Introduction
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Low back pain (LBP) is one of the most common health problems that influences an
individual’s life quality and is a leading cause of disability [1]. It also affects people of all ages.
The cost of medical care for treating and monitoring LBP and related loss of time from the
workplace etc. is estimated to be at least $50 billion a year [2]. These statistics highlight the need
for lumbar spine monitoring among patients in a low cost and effective manner so that LBP can
be accurately assessed and treated. There are several methodologies available to measure the
bending angle of the spine in the clinical assessment of lumbar spine conditions. Apart from the
use of imaging through radiography [3] to visualize the structural movement of the lumbar spine,
there exist numerous alternative methods for externally measuring the motion and bending curve
of lumbar spine which remove the need for exposure to potentially harmful ionizing radiation.
Devices for dynamic spine assessment include wearable and skin-mounted types, for example
tape measurement [4], various types of goniometer [5], accelerometers [6], inertial sensor
modules [7] and strain-gauge type optical sensors [8]. Non-contact type sensors involving image
capture form a significant part of the methods that are currently available. This type of sensor
generally uses a motion capture system or other imaging system such as the Vicon optoelectronic
system [9], MRI scanning [10] and raster stereography [11] to capture motion of the spine during
specific body movements. These systems are very accurate, but are generally large and are

expensive in terms of their capital and running costs.

An intensity-based fiber optical device for spine bending monitoring has previously been
developed by some of the authors of this article, Zawawi et al [12]. Although the device is
accurate and usable in the clinic, the long term stability of this device has been found to be
inadequate for repeated use. A wearable optical sensor for monitoring seated spinal posture has

been developed by Dunne et al [13] , where a plastic optical fiber (POF) is abraded on one side
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with one end of fiber connected to a light source and light sensor at the other end. Abraded POF
allows light leakage through the cladding boundary and bending of the sensor affects the
detected light signal at the output. The sensor was stitched to a wearable garment using a loose
zig-zag stitch to allow the POF sensor to move vertically along the garment surface. This sensor
is highly applicable for everyday use e.g. outdoors, bus it not ideal for the clinical environment.
Williams et al [14] developed a fiber optic system to measure spinal motion that comprised eight
paired fiber sensors attached to a ribbon of sprung steel. Williams et al claim good performance
from the sensor but due to the presence of the steel ribbon this sensor could potentially cause
discomfort to the patient, and would certainly rule it out for use in X-ray or MRI scanning
environments. Other fiber sensors that have recently been developed for bending monitoring
include a POF-based wearable and wireless system using side polished POF to monitor knee
sagittal motion [15]. This wireless sensor has shown good performance and allows great freedom
for the patient. However, the use of side polishing in the fabrication can weaken the optical fiber

mechanically and potentially, reduce the lifetime of the sensor.

The sensor developed in the investigation of this work utilizes a POF bending sensor
based on the change in optical intensity coupling between a feed fiber coupled to three receiving
fibers which are closely grouped together. The bend causes an alignment mismatch between the
input and output fibers and hence the optical power is redistributed between the receiving fibers.
By measuring the output signal from the three fibers it is possible to accurately and separately
determine the angle of bending in multiple directions (sagittal and frontal axis). A simple, small,
lightweight, low cost and portable sensor has been fabricated using 3-D printing which allows
the initial assessment and real-time tracking of curvature progression. The sensor is able to

provide a real-time angle signal at different postures and this result is presented for the clinician
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to interpret. By associating the sensor’s data with information regarding the patient’s spinal
curvature obtained from imaging from a simple web camera, the efficacy of sensor is
demonstrated and shows that it is capable of being used as a valuable assessment tool for

clinicians.

2. Methodology

2.1 Sensor Configuration and Concept

This POF sensor works based on an optical intensity interrogation technique which was
previously proposed by our research team with three fibers at the output and one input fiber
connected to a single LED light source [16]. The sensor of the investigation described in this
article consists of four (one input and three output) multimode POFs each with a core diameter of
0.98mm and refractive index of 1.492 and 1.402 for the core and cladding material, respectively.
A standard optical fiber coupled red LED (SFH756V Supplied by Broadcom Ltd, US) with a
peak wavelength of 660nm was used as the light source. It was placed at one end of the single
transmitting POF that is aligned to the middle axis of three POFs at the other end. The

schematic diagram of the sensor layout including source and detector is shown in figl.
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Fig. 1 Schematic diagram of the sensor layout.

The device is to be attached to the lower back area of the human spine to measure the
angle of lateral and sagittal bending. Fig.2 Inset depicts the assessment of bend spine for lateral
and sagittal bending. Lateral bending, also known as frontal plane motion, is the side bend from
waist to either the left or right directions. Sagittal bending is movement in the sagittal plane,
either forward (flexion) or backwards (extension) bending. The fiber configurations of the sensor
of this investigation have been designed to detect the spine bending angle in these bending

directions.

Fig. 2 shows the fiber alignment configurations for applied lateral and sagittal bending.
This configuration consists of an input fiber aligned to the center of three connected output fibers
so that the optical power transmitted in each of the receiving fibres is ideally equal (fig 2(a)).
During lateral bending to the left (fig 2(b)), the shift of the input fiber increases the light intensity
coupled to I1 and decreases that of 12. This process is reversed for the case of lateral bending to

the right (fig 2(c)) . The lateral bending magnitude is estimated from the following output ratio

R(&).
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The sagittal bending response is calculated from the ratio formed between all three output
fiber readings. During flexion bending to the front, the input fiber shifts upward (fig 2(d)). This
increases the coupling to fiber I3 and decreases the coupling to fibers I1 and I2. This is reversed
for sagittal extension (fig 2(e)). Sagittal bending is therefore calculated from the ratio between

the measured output intensity from the three output fibers as follows: -
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2.2 Device Design and Fabrication

In this work, a specially designed sensor has been fabricated to house the fibers described
in Section 2.1 and this is used to measure the bending angle of the lower spine section (lumbar
spine). The requirements for this sensor are that it is lightweight, flexible and simple to use. The
fabricated sensor is small (around 3cm x 6¢cm) so that it is able to fit within the section of the
lumbar spine and has the flexibility corresponding to a bending angle up to = 12° in both sagittal
and lateral axes. The body of the sensor has to be flexible, strong and robust to hold the optical
fibers still during measurement. A silicon material tube and mold is used at the fiber hinge to
provide flexibility and some stretching space for the sensor during bending. Therefore the design
was implemented using 3-D printing and was suitable for easy attachment onto the skin of the
patient’s back. A Stratasys Connex 500 printer was used for the 3-D printing using ABS-like

polymer material that is durable and strong.

The cross-section of the fabricated sensor is depicted in fig. 3(a). The device consists of
two tubes for hosting the optical fibers which were fabricated as a single entity and printed
separately using 3-D printing but in such a way that they could be accurately aligned using
minimal mechanical adjustment: the input fiber tube is shown on the left of fig. 3(a) and an
output fiber tube on the right. The tube was designed to hold the fiber so that the body of fiber
will not be bent during the measurement, which could introduce additional signal loss and hence
adversely affect the results as this is would not be due to the pivot action required by this
measurement. The input fiber holder hollow tube (with an internal diameter of 1mm) holds the
single input POF that is connected to the proximal LED source. The output holder tube has three

connected holes each with a 1mm diameter bore. This tube therefore accommodates the three
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output POFs each of which is independently connected to a distal photodiode detector. The bases
of the two tubes, which form the attachment point to the skin are separated 30mm apart via two
legs or pods which are integral to the housing (fig. 3(a)). The base pod that is 30mm width and
I15mm in length can be attached on the lower back body using clinical adhesive tape. The base
pod was designed to be big enough such that it could be firmly attached to the patient’s skin

during the testing and comfortable to wear for all different sized patients.

Both tubes were subsequently centered (aligned) and then locked together in this position.
A clearer structure of the sensor hinge is shown in fig. 3(b). One side of the input fiber tube was
designed with a profile of a Philips screw head to allow the sensor bending in only lateral and
sagittal directions. Input fiber tube is fitted into the output fiber tube and locked together using a
flexible silicon tube that allows the entire sensor to be flexible during bending. The flexible part
of the sensor is coated with another layer of silicon mold gel that solidifies when left to dry for a
few hours. The purpose of the silicon mold is to improve the robustness of flexible region and it

assists in holding both the tubes together for added strength and robustness of the sensor unit.

The optical signals at the output of the three POFs are detected using standard Silicon
photodiodes (SFH 250V) that are connected to a photoamplifier and filter circuit (fig. 3(d)), the
analog output of which is connected to a computer via a National Instruments type NI USB-6008
DAQ data acquisition unit. The data is captured using LabVIEW ™ goftware stored on a laptop
PC for presentation to the clinicians and subsequent analysis. Fig. 3(c) shows a photograph of the
3D printed bending sensor that is ready to be attached directly on the patient’s lower back to

measure the sagittal and lateral bending.
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SFH 250V
Photodetector

Fig. 3 (a) Cross-section diagram of sensor prototype for printing. (b) Structure of the sensor
hinge and assembly (c) Photograph of the lower back bending sensor. (d) Electronic circuit for
filtering and amplifying signal.

2.3 Sensor Calibration

The sensor was fixed on an optical bench setup which consists of two translational stages,
two optical posts, two holders with clips and a rotational stage. Fig. 4(a) illustrates the
configuration for lateral bending measurement. Side A of sensor’s base was fixed horizontally to
the translational stage with two optical posts, side B was attached to the rotational stage (which
has a £0.5° accuracy). For the sagittal axis measurement, the sensor was mounted vertically on
the rotational stage as shown in fig. 4(b). For both configurations the output fiber’s intensity was
recorded and the ratio calculated (in the LabVIEW ™ software) in near real-time while rotating
the stage. In the case of both lateral and sagittal bending, the stage was rotated with an angle of
2° increment with a time interval of 30 seconds starting from 0°. The rotation continued until

reaching the output ratio saturation value at which no further changes in the output ratio in
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response to the angle change could be observed. At this point the rotation angle was slowly
decreased with a 2° interval until returned to its original 0 degrees position. A finer calibration
was also performed by decreasing the angle steps to 0.5° using a fine tuning adjustment on the

stage in a range up to 4°. The whole process was repeated three times to assess repeatability and

hysteresis.
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Fig. 4 (a) Picture and schematic diagram of experiment setup for sensor characterization on
lateral bending and (b) sagittal bending.

Fig. 5 illustrates the voltage output of each of the three fiber channels (corresponding to
received intensity) for bending at every step angle of 2° during calibration. From fig. 5(a), the
intensity of the light coupled to fiber I1 increases while the intensity to fiber 12 and 13 decreases
when the sensor bends to the left as defined in the previous section. At a bending angle of 12°,
the saturation point is reached where fiber I3 receives a negligible amount of light coupled from
the input fiber. On the other hand for lateral bending to the right, the output voltage of fiber 12
increases while I1 and I3 decrease at larger bending angle. For sagittal extension bending, fiber
I1 and 12 increases when the bending angle increases at step angle of 2°. It can be seen that at

angle around 10°-12°, fiber I1 and 12 slightly decreases which corresponds to the saturation point
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of sensor. In contrast, fiber I1 and 12 decrease with an increase in 13 during sagittal bending in
the opposite direction. By utilizing the formula shown in equations 1 and 2, the sensor was

calibrated according to the bending angle from the output ratio of the three receiving fibers.

Output Voltage for Lateral Left Bending Output Voltage for Lateral Right Bending

[
o N
= e
[SIN)

- =
28 ] S 8 Fiber 11
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Fig. 5 Output voltage value for three output fiber at different bending angle for calibration.

2.4 The Protocol for the Clinical Bending Exercises and Measurement of the different

bending postures on the back of the participants using the optical fiber sensor

The main purpose of the sensor in this investigation is to aid and to allow clinical staff to
accurately monitor lumbar spine movement in the clinic. The device is to be placed at the lumbar
spine section, which is a commonly reported pain area among patients [17]. The objective is to
measure the bending angle when the patient is requested to present different postures or positions.

For this preliminary test, the experiment was limited to only two subjects (a male and a female)
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in order to check the initial response of sensor when placed on a human subject whilst
undergoing some standard motion exercises. It was not intended to be a clinical protocol for use
in people with spinal pain. A further more comprehensive trial involving 15 to 20 patients is

planned and will be reported in a separate article following this publication.

Two healthy volunteers without back injury and spinal deformity assumed several static
postures. For the sagittal bending test, the subject was asked to initially stand straight and relax
followed by bending to the front with arms straight down beside them (sagittal front). These
were followed by extension to the back (sagittal back) following returning to the middle straight
posture. The lateral bending test commenced with being in relaxed standing posture, followed by
full bilateral trunk side flexion (lateral left and right) and then returned to a neutral straight
standing position. During the first 15sec of each experimental trial, the subjects were requested
to stand and relax and any posture change was measured and recorded and the position

maintained for another 15sec at each trial.

2.5 Image Acquisition

For the purpose of this investigation, the optical fibre sensor’s output signal was
correlated to visual observation of the lower back curvature. This was recorded using a standard
digital imaging webcam which was used to provide validation of the optical fibre sensor
measurements, thus providing efficacy of the data recorded using the optical fiber sensor of this
investigation. An ad-hoc image processing scheme was applied to study the relationship between
the appearance of back curvature and the angle obtained from the sensor. To examine both lateral

and sagittal bending situations, three green marks were placed at different positions on the low
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back area to assist the visualization of the bending on the lower back at various postures during
the measurement session. This is standard practice in physiotherapy clinics and thus quantitative
data could be extracted from the recorded examination process by manually tracing the location

of the three spots.

For the sagittal bending assessment, it is hard to acquire an exact bending angle where the
sensor is attached through imaging due to the curvature of spine. Hence the sensor measured data
is correlated with the overall inclination of lower back bending and spine curvature of each
individual. Two green spots were located one each side of both of the sensor’s base pods while
another spot was located on the middle of the back (for our participants this was about 2 cm
above the tip of the sensor). As depicted in fig. 6(a), the left side of fig. 6(a) shows two angles 0,
and 0,. The angle 0, for sagittal bending refers to the overall bending of the back from a vertical
line. It is measured between a vertical line passing through point P; (P;X) and a line connecting
P, to P; (P,P3). 0, is the angle between the two lines P,P; and P,P;. This angle represents the
localized change of lower spine curvature at different postures. The curvature of the lumbar

spine varies between individuals.

For lateral bending, two spots were placed on each side of the upper sensor and one at the
middle end of lower sensor as depicted in fig. 6(b). The overall bending angle 6; was calculated
between a vertical line passing through P;(P;X) and a line connecting P; to the middle of P,Ps.
For lateral bending, video footage was captured during the whole bending process to compare
the trend of bending angle for both sensor and imaging. In both bending cases, a webcam with

resolution 1280x720 pixels was used to record the examination process.
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(a) (b)

Fig. 6 Placement of 3 green reflective markers on body in relation to the sensor module of this
investigation. (a) The posture change was defined as the inclination change at angle 0, and 0, for
sagittal bending. (b) Posture change defined as angle 6, for lateral bending.

3. Results and Discussion

3.1 Bending Assessment with optical component

Fig. 7 shows the bending test results obtained for both sagittal and frontal plane. The
results show that the device exhibits a non-linear response where saturation is reached at bending
angles around 12° in both directions. An almost linear response is observed between -4° to +4°,
with a correlation coefficient, R* of 0.9971 for the frontal plane and 0.9928 for the sagittal plane
when data is fitted into a linear trend. The non-linearity observed in the bending data can be
attributed to the bending at the large angle values causing increased misalignment between the
input and output optical fibres and this in turn results in an increase in departure from linearity of
the received signal arising from an exacerbated loss in coupling between the transmission and

receiving fibers of the sensor. In fig. 7(a), the sensor’s response for a lateral bending angle
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between -12° and +12° has been fitted to a third order polynomial and is shown as the solid line
in this figure. For the sagittal bending in fig. 7(b), the polynomial fit is not ideal for angles lower
than -6°. This is due to the asymmetrical response of the sensor during the sagittal bending as the
higher intensity of light coupled to two fibers during bending in the positive direction and more
intensity of light coupled to only one fiber when bending was in negative direction. These
polynomials were used during the actual measurements to interpret the sensor output as bending
angles. This was performed within a LabVIEW ™ programme developed by the authors

specifically for this investigation.
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Fig. 7 Intensity output ratio of sensor versus bending angle for both (a) frontal plane (lateral) and
(b) sagittal plane and the polynomial fit for interpreting the angle value from the ratio
measurement.
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3.2 Measurement on patient’slower back

Fig. 8 shows two sample results recorded for lateral bending and sagittal bending ratio
versus time when the sensor was placed on the lower back of a participant as shown in fig. 6. In
the case of the lateral bending measurement, the user was initially in a normal upright standing
(middle) posture. The patient then bends over towards the lateral left and holds this posture for
15 sec, slowly returning to the original middle position and then repeating the bending to the
right. In this sensor configuration, bending to the left shows an increase in the output ratio while
bending to the right is represented by a decrease in output ratio values. A slight shift from the
zero position can be observed due to the fact that when the patient is not bending, the back is not
completely straight. This could also be due to user error when placing the sensor in its rest
position, but not being exactly straight. For sagittal plane bending assessment, the patient starts
from the middle standing posture and slowly bends forward for different angles for forward
bending before returning to the middle posture and extending to the back (reverse bending). The
output ratio for sagittal bending decreases (to a negative value) when bending forward. It

however increases (to positive values) when extending backward.
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Bendin .
9 0.2 Extension Extension
0.1
. 015 | viddie J Isictee
% Lateral Ratio Chart Sagittal Ratio Chart
- ; ¥ light Bendi -
e 0.1 ' Middle o 0.05 tSolgmtm ending
3
g-02 E
(@] O -0.05
03 0.1
o 015 Further Flexi
05 to Right 0.2 Eunllqwter Flexion to F:":mer exion to
0:00:00 0:01:00 0:02:00 0:03:00 0:00:00 0:00:43 0:01:26 0:02:10 0:02:53 0:03:36 0:04:19
Time (hh:mmss) Time (hh:mm:ss)
(a)

Fig. 8 Sensor output ratio versus time for (a) lateral and (b) sagittal bending as tested on the back
of a participant.
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The output ratios obtained from fig. 8 were converted into bending angles using the
curves in fig. 7(a) and 7(b) for lateral and sagittal bending. The angle values resulting from this
were compared with the values extracted from the image acquisition described in section 2.5. Fig.
9 shows the relationship between the bending angles 0, and 0, (as defined in fig. 6(a)) and the
bending angles obtained from the sensor for sagittal bending. Two subjects of approximately the
same age and in good health were tested: subject A is a female and subject B is a male. The
sagittal bending shows a good fit with a second order polynomial response when subject A and B
bends at 0; between -15° to 7°. The slight difference between the value of bending is depends on
movement of individual subject in sagittal plane. Both subjects also show a second order
polynomial response for bending angle corresponding to imaging angle 0, (as in fig. 9(b) and
9(d)). This large imaging angle 0, is the arch angle of individual lumbar spine during bending
exercise and hence the difference in the angle relationship between two subjects can be attributed

to different arch angle of lumbar spine of both subjects.
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Fig. 9 Relationship between measured optical fiber sensor angle and the angle captured from the
imaging system 0; and 0,.

Fig. 10 shows the time resolved output angles from the optical fiber sensor and imaging
angle 0, during the standard lateral bending exercise for subject A and B. For lateral bending, it
is easier to compare the sensor and image angle as three spots were placed on the sensor and the

movement of the sensor which can be more easily captured for analyzing. Fig. 11 compares the
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sensor with imaging results and the relations between both data. Both sets of results from Fig 10

were placed together on the same axis and was aligned to 0° in the straight positions to reduce

human error when placing the sensor. Positive angle is obtained on the left bending and negative

value corresponds the right bending angle. The trend of bending for both subjects is in agreement

with the imaging results but both subjects have different responses as the bending and body

shape of subjects vary individually.
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Fig. 10 The time resolved lateral output angle response of the optical fiber sensor and imaging

system for the core of subject A and subject B.
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Fig. 11 The relationship between the measurement data obtained from sensor versus imaging

angle 0, for the (a) subject A and (b) subject B.
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4. Conclusion

An optical fiber intensity modulated sensor for measuring the bending angle of lumbar
spine region for clinical assessment has been designed and fabricated. The sensor utilizes a
single fiber for transmitting the light and three optical fibers for determining the direction and
degree of deformation of the spine. The fibers are enclosed in a robust plastic enclosure which
was fabricated using 3D printing. The all-plastic composition of the sensor has the added
advantage that it can be used successfully in conjunction with Magnetic Resonance Imaging
(MRI) scanning machines as well as X-Ray based scanning machines. This simply entails the
removal of the LED from the unit and connecting a longer length of fiber to connect to the LED.

This would incur minimal optical loss as the light is already fiber coupled in the existing design.

Experimental results were captured from the sensor mounted on human subjects and
these have been compared with angular deformation values obtained using a simultaneous image
capture method. Although the absolute values of the angles obtained using the optical fiber
sensor and the imaging method are not the same, the results have shown a reproducible set of
results for spinal bending in both sagittal and lateral planes. The compact design and ease of
attachment coupled with the fact that it is relatively non-invasive make the sensor of this

investigation suitable for widespread use in clinical settings.
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