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Introduction

Abstract. Improvements in emergency medicine in the form of efficient life supporting systems and intensive
care have increased the survival rate in critically injured patients; however, in some cases, severe brain and
spinal cord injuries can result in a locked-in syndrome or other forms of paralysis, and communication with these
patients may become restricted or impossible. The present study proposes a noninvasive, real-time communi-
cation assistive methodology for those with restricted communication ability, employing a fiber Bragg grating
(FBG) sensor. The communication assistive methodology comprises a breath pattern analyzer using an
FBG sensor, which acquires the exhalation force that is converted into strain variations on a cantilever. The
FBG breath pattern analyzer along with specific breath patterns, which are programmed to give specific
audio output commands, constitutes the proposed fiber Bragg grating sensor-based communication assistive
device. The basic communication can be carried out by instructing the patients with restricted communication
ability to perform the specific breath patterns. The present approach is intended to be an alternative to the
common approach of brain~computer interface in which an instrument is utilized for learning of brain responses.
© 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.21.8.086012]
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used in which the electrodes are directly implanted into the brain

Advancement in science and technology has revolutionized the
medical field, with more efficient emergency medicine, better
intensive care, life supporting systems, and so on, increasing
the survival rate. Nevertheless, severe brain and spinal cord inju-
ries, in some cases, can lead to locked-in syndrome (LIS) and
other forms of paralysis. LIS is a neurological disorder, which
is a result of brainstem lesions, in which an individual is fully
conscious and aware of the environment, however, with a com-
plete paralysis of all voluntary muscles."? Certain cases of LIS
patients usually communicate through eye movements. Also,
LIS may sometimes progress resulting in amyotrophic lateral
sclerosis (ALS), also a neurological disorder, which is frequently
accompanied by loss of clear vision. In such cases, interaction
through visual modality may not be possible.> Communication
with these patients may become extremely difficult. These factors
have led to the invention of assistive communication technologies
such as a brain—computer interface (BCI).*

BCI is a mode of communication that relies on brain signals
carried out between the brain and a computer. In principle, BCI
works on the electrical signals generated due to brain activity dur-
ing a particular thought, which will be acquired and processed for
communication purpose.*> These brain signals are usually
obtained by a process known as electroencephalogram, which
requires electrodes to be placed on the scalp.®’ In this method,
the signal-to-noise ratio is poor along with low spatial resolution.
Also, an invasive method known as electrocorticography is being
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beneath the skull on the surface of cortex to obtain higher reso-
lution signals.®!! This method has many disadvantages, primarily
the invasiveness of the electrodes implanted.® Further, the long-
term usage of these implanted electrodes may lead to tissue reac-
tions that could deteriorate the signal quality or result in electrode
failure.’ Further, in conditions like ALS, this may severely affect
the controlled action required to operate a BCI system and
thereby making it difficult to select appropriate information
from the BCI system.>®

Fiber Bragg grating-based respiratory activity monitoring
methodologies have been carried out previously. However,
these studies mainly focus on the chest wall deformation in
order to acquire the respiratory activity.!>'* The present
study proposes a noninvasive, real-time dynamic fiber Bragg
grating communication assistive device (FBGCAD) based on
a fiber Bragg grating (FBG) sensor. The device is a breath pat-
tern analyzer that acquires the exhalation force using an FBG
sensor, which, on further processing, will provide a signal for
an audio output. The nasal air flow is imparted onto an arm,
which is transduced into strain variations on a cantilever,
acquired by the FBG sensor bonded over it. The specific breath
patterns are then programmed to produce predefined audio out-
put commands providing a means of communication, thereby
enhancing the quality of life of these paralyzed people.
Individuals with LIS can be instructed to perform these specific
breath patterns over the FBGCAD, which will subsequently pro-
duce an audio command. The developed FBGCAD has advan-
tages like noninvasiveness, passive sensor element (no electric
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power needed for the sensor element), and wearability, which
are in addition to the inherent advantages of the FBG sensor,
such as high sensitivity, fast response, immunity to electromag-
netic fields, and portability.

2 Fiber Bragg Grating Sensor

An FBG is a periodic perturbation of refractive index of the core
of a single-mode optical fiber along its axis."> When a broad-
band light is launched into an FBG, a specific wavelength of
light is reflected back, which satisfies the Bragg condition,
and all other wavelengths are transmitted.'® This reflected wave-
length of light, known as the Bragg wavelength (1), is given by

Ap = 2neg A, (D

where A is the periodicity of the grating and n is the effective
refractive index of the fiber. When an external perturbation, such
as strain, temperature, and so on, affects the FBG, a shift in the
Bragg wavelength is noticed. This property of FBG is used for
its sensing applications.'”%" The effect of strain on an FBG sen-
sor is expressed as

2
A/lBllB{ ;ﬂ [PIZ_V(PII_PU)]} 2)

Here P,; and P, are the components of the strain-optic tensor, v
is the Poisson’s ratio, and ¢ is the axial strain change. In the
present work, FBG sensors are fabricated using the phase
mask method in a photosensitive Germania-doped silica
fiber.2! The strain sensitivity of the fabricated FBG is approx-
imately 1.20 pm/ue.** The effect of temperature on FBG sensor
is neglected in the present study as the experiment is carried out
in a controlled environment, and also the test is carried out for a
short time during which there is no temperature change
observed.

3 Fiber Bragg Grating Sensor-Based
Communication Assistive Device

The FBGCAD comprises a spectacle frame, which is employed
as the base structure to which the other instrumentations are
attached. A plastic arm is pivoted at its midsection, making it
swivel, with one end left free. The other end of this arm is
attached to one end of a stainless steel cantilever. The other
end of this cantilever is fixed to a plastic structure, which is
made to be an extension of the spectacle frame. The plastic
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structure is attached by screws to the spectacle frame, which
facilitates the plastic assembly movement along the frame as
well as swiveling action about the frame, as shown in Fig. 1.
Over the cantilever, the FBG sensor is bonded, which acquires
the strain variation created on it. This constitutes the proposed
FBGCAD.

The FBGCAD is mounted on a subject with the spectacle
frame, by positioning the free end of the plastic arm to reside
below the nasal cavity. The exhalation during breathing will
push the free end of the plastic arm, which in turn will pull
the cantilever creating strain variations over it. Effectively,
the proposed FBGCAD converts the exhalation force into strain
variations on the cantilever, which is acquired by the FBG sen-
sor and displayed as a waveform. This property of waveform
generation during breathing is employed as the foundation
for the development of a dynamic real-time communication
methodology, which is further processed to output the specific
programmed audio command. Also, it is imperative to note that
the design of the FBGCAD is such that the flow of breath is not
imparted directly on the FBG sensor. Hence, the temperature
changes during breathing will not affect the device accuracy.
Further, the change in ambient temperature is not considered
because of the small experimental duration (10 s) during
which the change in ambient temperature is negligible. In addi-
tion, the humidity changes do not affect the FBG sensors to a
large extent. To make FBGs respond to humidity, coating with a
polymer material sensitive to humidity variations on bare/etched
FBGs is adopted.

4 Experimental Procedure

The present study has been approved by the Institutional Human
Ethics Committee (IHEC), Indian Institute of Science. The
experiments carried out are within the guidelines of the
IHEC for human studies. Also, the subjects have been detailed
fully about the experimental procedure and their consent is
obtained prior to the experiments.

In the present study, 10 subjects aged 24 to 29 years (male
and female), who have no known history of respiratory, lung, or
cardiac diseases volunteered. The subjects are made to sit com-
fortably on a chair with a back rest and are allowed to adapt to
the surroundings for 10 min. Thereafter, the subjects are asked to
wear the FBGCAD like any other spectacle and breathe nor-
mally over the plastic arm, as shown in Fig. 2(a). The exhaled
nasal air flow force causes the plastic arm to deflect, which in
turn is converted to strain variations over the cantilever that
is acquired by the FBG sensor bonded on it as illustrated in

\

(b)

Fig. 1 (a) Schematic representation of FBGCAD and (b) pictorial representation of FBGCAD.
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Fig.2 (a) FBGCAD mounted on a subject and (b) schematic representation of nasal air flow transduction

into strain variation over the cantilever.

Fig. 2(b). The obtained breathing patterns are further analyzed
for both amplitude and temporal characteristics.

The data from the FBG sensor are recorded using a Micron
Optics Interrogator SM 130-700 (which can acquire data at a
sampling rate of 1 kHz) and are sent online to a program.
This program has the ability to dynamically acquire the data
from the interrogator, analyze, compare, and subsequently out-
put an audio command in real time. The recorded breath patterns
are compared with a set of predefined parameters. Recorded
breath pattern is analyzed for the required parameters, which
will decide the particular audio message to be output. For
this purpose, various breath pattern parameters can be employed
in the pattern analyzing process by the program.

In the present study, a threshold crossover counter parameter
is employed for the analysis. The threshold crossover counter
analyzes the number of times the exhalation force has crossed
the threshold within a stipulated duration of time. According to
the count number, a corresponding predefined audio message
will be output. A subject with a prior idea of the methodology
may produce a breath pattern that matches with the predefined
parameters and the corresponding audio command will be put
out. The proposed FBGCAD along with program may act as a
real-time communication methodology.

5 Calibration

The developed FBGCAD is calibrated for its response of shift in
wavelength of FBG sensor for a given displacement of the plas-
tic arm. A Micro Universal Testing Machine (resolution of
movement of 1 ym) is employed to provide the required dis-
placement to both the plastic arms, as shown in Fig. 3(a).
The response of shift in wavelength obtained from the FBG sen-
sor is compared with the provided displacement obtained from
the Micro Universal Testing Machine. Correlation coefficient of
0.99 is observed between the shift in wavelength and displace-
ment provided on both right and left plastic arms, as shown in
Fig. 3(b), showing good linearity response. Further, the slope of
curve is being —0.53 and —0.48 for the right and left plastic
arms, respectively, signifying a scaling factor of 0.53-nm
blue shift in wavelength for 1-mm displacement on the right
plastic arm and 0.48-nm blue shift in wavelength for 1-mm dis-
placement on the left plastic arm. The change in scaling factor of
the plastic arms on either side may be attributed to the positional
offset of the FBG sensor placement on the cantilever on either
side. The calibration curve shows that the response of the
FBGCAD is almost linear on both sides with a variation in
the scaling factor.
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Fig. 3 (a) Calibration test of FBGCAD and (b) calibration curve of FBGCAD along with MicroUTM.
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6 Results and Discussion

The specific breath pattern obtained by the FBGCAD from a
subject aged 26 years is illustrated in Figs. 4 and 5. These pat-
terns are carried out by the subject as instructed, with prior
knowledge about the same. To create these specific breath pat-
terns, the subject needs to exhale with force in order to make the
breathing curve crossover the threshold. In the present work, an
algorithm is employed that has the ability to obtain the total
number of crossovers of threshold by the breathing curve.
This threshold of shift in wavelength of the FBG sensor is
set to 0.1 nm, since the normal breathing response is observed
to be below this threshold. It is imperative to understand that the
employed algorithm only considers the number of times when
the threshold is being crossed over and not the number of data
points beyond the threshold. The time limit to carry out the
breath pattern is fixed as 10 s, within which the subject has
to produce a specific breath pattern.

During the first trial, the subject had been instructed to force-
fully exhale four times with a pause between each exhalation. It
is observed that the FBG strain response undergoes compression
during exhalation and the magnitude of the compressive strain
obtained is directly proportional to the quantum of force applied
during exhalation over the plastic arm of the FBGCAD.

Figure 4 illustrates the FBG response curve obtained from the
right nostril of subject during the performance of the trial. When
the FBG response curve crosses over the threshold, the algorithm
count is increased by one count. The first forced exhalation causes
the FBG response curve to crossover the threshold. By the end of
the forced exhalation, the FBG response curve returns to its
uncompressed normal state. The pause between successive exha-
lations (comprising of inhalation also) can be observed by the
sustained uncompressed state of the FBG response curve.
Similarly, after the first forced exhalation, three more forced exha-
lations along with in-between pauses are encountered, which
crossover the threshold limit. It can be noticed that the pause
time interval between successive forced exhalations is 0.63,
0.64, and 0.7 s, respectively. A total number of four threshold
crossovers by the FBG response curve are obtained from the algo-
rithm, which processes the data and outputs an audio command
that has been assigned for this threshold crossover count.

Further, another specific breath pattern from the left nostril of
the same subject is illustrated in Fig. 5, where the subject has
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Fig. 4 Nasal breath pattern obtained from right nostril of the subject
which consists of four forced exhalations for time duration of 10 s.
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Fig. 5 Nasal breath pattern obtained from left nostril of the subject
consisting of three alternating normal and force exhalations for
time duration of 10 s.

been instructed to alternately produce normal and forced exha-
lations with longer pause durations. The FBG response curve
clearly depicts the alternating normal and forced exhalations.
Also, it can be observed that out of a total number of six exha-
lations recorded within a time span of 10 s, only three exhala-
tions are observed to be crossing over the threshold limit. The
algorithm computes the threshold crossover count as 3 (as nor-
mal exhalations do not crossover the threshold) and the equiv-
alent audio command will be put out. In addition, it can be seen
that the time interval between successive forced exhalations is
3.5 s between the first and second exhalations and 3 s between
the second and third exhalations, respectively.

For an individual trial, the breath pattern obtained from either
nostril is observed to be the same. Hence, the illustrated trials
utilize the breath pattern obtained from one nostril in order to
perform the temporal and spatial analysis. Furthermore, the illus-
trated trials prove the efficacy of the developed FBGCAD as a
breath pattern analyzer to acquire forced as well as normal exha-
lations. Though the present study employs a simple threshold
crossover algorithm, various other algorithms can be developed
in conjunction with FBGCAD, which consider the time intervals
between exhalations to provide a wider range of communicative
messages.

In the 10 subjects who volunteered for the present study,
individual subjects were requested to perform five different
breath patterns with varying threshold cross counters. The accu-
racy of the required audio command to be output for all the 10
subjects is shown in Table 1. The overall accuracy of the carried
out trials on all the subjects is evaluated and is found to be 90%
(average of accuracy of individual percentage). The trials during
which the expected audio command is not put out may be attrib-
uted to the positional offset of the plastic arm below the nostril,

e., the breath flow is not completely imparted on the plas-
tic arm.

The FBGCAD provides a hassle-free, easy to operate meth-
odology that may be used on the bedside of a patient. In addi-
tion, FBGCAD comprises the ability to acquire data with 1-ms
interval and to acquire data from both left and right nostrils
simultaneously during a specific breathing trial. These major
advantages along with the inherent advantages of FBG sensor
make the proposed FBGCAD as an efficient breath pattern
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Table 1 Accuracy table for the audio command output of FBGCAD
for 10 subjects.

Accurate audio Accuracy
No. of command percentage
Subjects trials output obtained (%)
1 5 5 100
2 5 4 80
3 5 5 100
4 5 3 60
5 5 4 80
6 5 5 100
7 5 5 100
8 5 4 80
9 5 5 100
10 5 5 100

analyzer. Further, FBGCAD may be employed as a communi-
cation methodology for paralyzed patients. The limitation of the
present study is that this methodology can only work for sub-
jects having an ability to control the breath pattern between nor-
mal and forced exhalations.

7 Conclusion

The present study proposes a noninvasive, real-time dynamic
breath pattern analyzer based on an FBG sensor. The proposed
FBGCAD effectively converts the exhalation force into the
strain variations on a cantilever, which in turn is acquired by
the FBG sensor bonded over it. Two individual trials have
been illustrated that prove the efficacy of the developed
FBGCAD. Also, the FBGCAD can be easily worn as a specta-
cle, which eliminates any kind of discomfort or harm to the sub-
ject. This property makes FBGCAD an efficient way of
communication for the paralyzed subjects. A test bench is cur-
rently under development to experimentally characterize the
errors of the FBGCAD with a substantial sample size of para-
lyzed subjects.
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