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Optical Capillary Fiber Mode Interferometer
for Pressure Sensing
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Abstract—A compact optical fiber pressure sensor is
experimentally presented. It consists of a few millimeter long
section of a capillary optical fiber spliced between two single-
mode fibers (SMFs). Due to the interference between propa-
gating light in the capillary fiber caused by the fundamental
core mode of the input SMF, an interference pattern is gener-
ated in the transmission spectrum of the device through the
output SMF. When pressure is applied to the device, the dis-
tributed forces on the capillary tube fiber lead to changes in
the visibility of the interference fringes and a wavelength shift.
The visibility changes are directly correlated to the pressure
applied to the device. The dynamic range of the device can
be tailored by selecting a suitable length of the capillary fiber.
The response of the device to temperature changes is also discussed.

Index Terms— Optical interferometry, optical fibers, optical device fabrication, optical sensors, optical fiber devices.

I. INTRODUCTION

OPTICAL fiber sensors have been widely used and
are well recognized. The advantages they exhibit for

the measurement of physical, chemical, and biomedical
parameters are unique. They include immunity to electro-
magnetic fields, very high sensitivity, long-distance inter-
rogation, small size, fast response, and the capability to
operate in extreme or hazardous environments. An important
physical parameter to be measured during the operation of
industrial systems is pressure, for instance, in pipes, hydro-
pneumatic systems, turbines, etc. [1]. Fiber-optic pressure sen-
sors (FOPSs) have progressed rapidly in the last decades [2].
To date, there are numerous configurations for pressure mea-
surements. Most of these configurations are based on Fabry-
Perot resonators (FPRs) [3]. However, the majority of these
FPRs are based on the addition of a transducer diaphragm,
which deforms when pressure is applied [4]–[11], making
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the sensor rather complex. Also, FPRs without transducer
diaphragm have been reported more recently, but they exhibit
complicated and not fully repeatable fabrication process [12]
and the need for using a liquid to act as a transducer [13].
On the other hand, several other FOPS configurations, based
on fiber Bragg gratings [1], [14], micro-bending of a single-
mode fiber (SMF) [15], twin-core fibers [16], [17], and mul-
timode fibers [18] have been proposed. However, some of
those methods require an additional transducer, or a com-
plicated fabrication process, resulting in increased costs in
sensor complexity. Also, optical fiber pressure sensors with
high sensitivity values have been already reported. However,
most of them are fabricated with a laborious process, which
increases their complexity, cost, operational complexity, and
sometimes the sensors become impractical.

Most of the optical fiber sensor configurations use a unique
fiber spliced between two SMFs. The particular fiber acts
as the sensor head, and the SMFs transmit the information
to and from the sensing head. Therefore, the use of novel
fibers for sensing applications in a SMF–sensing fiber–SMF
structure has become a very useful platform for monitoring
a wide variety of physical parameters, such as, temperature,
bending and force using multicore fibers [19]–[22], refractive
index using a photonic crystal fiber [23], magnetic field using
a hollow-core fiber coated with a magnetic gel [24], and strain
also with a hollow core fiber [25], to mention just a few.

In this work, we utilize a hollow-core fiber, known as capil-
lary optical fiber (COF) [26], to construct an SMF-COF-SMF
structure and form a practical, new, simple, compact, cost-
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effective, and attractive interferometric device to be applied as
a pressure sensor. The proposed device acts as the transducer
by itself, and its fabrication process is carried out just by
the use of a splicing machine to splice SMF to COF, and
no additional fabrication process is needed.

To build the device, we manufactured a silica capillary
fiber with 130 μm and 80 μm of outer and inner diameter,
respectively. A few millimeters long segment of this fiber is
spliced between two SMFs. Similar devices act as FPRs, and
previous analytical and numerical studies have been reported
to explain the light propagation behavior caused by the partial
reflecting faces of the fibers [27]–[30]. However, according
to our SMF-COF-SMF structure and its response, the pro-
posed device here acts as a Mach-Zehnder fiber interferometer
(MZFI). The propagated light through the device is the result
of the interference caused by the superposition of light guided
in the air-core and air-cladding interface of the COF.

Due to refractive index changes because capillary wall
deformations when pressure forces are applied to the
SMF-COF-SMF structure, accordingly with the photo-elastic
effect, the light behavior through the structure allows sen-
sitivity to pressure [31]. The device was placed inside a
high-pressure chamber, which was pressurized using nitrogen.
A relief valve was used to vary the pressure in a controlled
way. With this approach, we were able to measure pressure
values ranging from 200 to 1000 psi. Subsequently, additional
tests under varying temperature conditions were carried out
to examine the behavior of the pressure sensor under the
influence of such a perturbation and investigate its effects with
the pressure measurement performance.

II. CAPILLARY FIBER PRESSURE SENSOR

AND EXPERIMENTAL SETUP

The fabrication of the SMF-COF-SMF structure devices
includes the usual process to splice optical fiber. The following
steps were realized to manufacture the devices: First, after
strip, clean, and cleave both first ends of capillary and single-
mode fiber, both fibers are spliced by using a standard fiber
optic fusion splicing machine. Then, to cut the capillary fiber
at the exact point that corresponds to the desired length of
the manufactured device, the spliced point of the first step is
placed at the cleaving knife of the optical fiber cleaver, after
that, through a linear translation stage, the spliced point is
linearly displaced the desired length for the capillary fiber to
have. This way, the capillary fiber of the spliced fiber is set
in the exact place of the optical fiber cleaver to be cut it at its
corresponding length. Next, the capillary fiber is cleaved and
spliced to another stripped, cleaned, and cleaved SMF end.

As the fabrication of the device involves the use of a stan-
dard fusion splicing machine to splice SMF to capillary fiber,
and its manufacture includes the usual process to splice optical
fiber. In this work, to obtain as low as possible undeformed
splices, some splicing tests between capillary fiber and SMF
were realized to get optimal splicing parameters, such as
arc power, exposure time, z push, and initial fiber position,
which were found to be not significantly different from those
of the splicing programs to splice SMF to SMF. Once the
optimal splicing parameters were obtained, the fabrication of

Fig. 1. a) Microscope image of a pressure sensor device with ∼1 mm
long capillary fiber, b) light behavior through the sensor structure, and
c) cross-section microscopic image of the capillary fiber.

the pressure sensors was carried out. In the case of mass
production of devices, a problem that could arise, to guarantee
the same performance of devices with equal capillary fiber
length, is how to ensure the fabrication repeatability of many
sensors with the same dimensions and geometry. However, this
issue can be resolved by the use of designed and standardized
fabrication processes with automatized systems in which cuts
and splices of fiber are realized carefully with the use of
cameras and controlled micro-metric stages, also the utilization
of program splices with optimal conditions in a glass processor
system used as a fiber splicer, and all the fabrication process
realized in a clean room with stable environmental conditions,
such as temperature and humidity.

A microscope image of a device structure with a capil-
lary fiber of ∼1 mm long is depicted in Fig. 1a). Also,
in Fig. 1 are the light behavior through the structure (Fig. 1b))
and the cross-section of the capillary fiber (Fig. 1c)). The
capillary fiber was home-made fabricated with low-quality
silica glass (F300) with an inner and outer diameter of
80 and 130 μm, respectively.

The divergence, after a given propagation distance, of the
beam which comes out of the SMF to the capillary fiber,
can be evaluated by the following simple formula for a beam
radius w [27]:

w(d) = w0

√√√√1 +
(

dλ

πnairw
2
0

)2

(1)

where w0 is the beam radius at the fiber end, d is the distance
from the fiber end, nair = 1, and λ is the wavelength light.
Assuming a fiber with a core radius of 4.1 μm, with 0.14 of
numerical aperture (NA), and a distance d of 1 mm, we obtain
a beam radius of ∼ 107 μm. As the inner diameter of the
capillary fiber is 80 μm, the beam radius of 107 μm means
that the beam interacts not only with the air-core of the
capillary fiber but also with the capillary wall. This interaction
forces the light to travel through two optical paths: one in

Authorized licensed use limited to: University of Central Florida. Downloaded on February 24,2020 at 16:47:48 UTC from IEEE Xplore.  Restrictions apply. 



SALCEDA-DELGADO et al.: OPTICAL CAPILLARY FIBER MODE INTERFEROMETER FOR PRESSURE SENSING 2255

Fig. 2. Experimental setup for measuring pressure employing the
capillary optical fiber device.

the air-wall boundary (air-cladding interface formed with the
air-core of the capillary and the capillary wall), and the other
path directly in the air-core (see Fig. 1a) and Fig. 1b)). This
way, the structure of the device presented in this work forms
the two arms of an interferometer, and therefore the operation
principle of the device is the type of a modal Mach-Zehnder
interferometer, where the light comes out of the first SMF face,
it diverges until arriving the capillary fiberglass, then, the light
is guided through the two optical paths in the capillary fiber
to generate a phase difference which is given by [32]:

�φ = 2π

λ
(nair−clad

e f f − nair )L (2)

where λ is the operating wavelength, L is the capillary fiber
length, nair−clad

e f f and nair are the effective refractive indexes of
the light which is propagated through the air-cladding interface
and air-core of the capillary fiber, respectively. These two
divided light are then coupled into the core of the second SMF,
producing an interference pattern due to the phase difference
between them.

In Fig. 2, the experimental setup for the characterization of
the pressure sensor is illustrated, it consists of a superlumines-
cent diode (SLD) as the light source, and an optical spectrum
analyzer (OSA) as the detector. The SMF–COF–SMF sensing
device was placed inside of a sealed tube (pressure chamber),
which was pressurized with nitrogen to apply pressure values
from atmospheric pressure to 1000 psi , in steps of 200 psi .
The applied pressure was controlled and monitored by a relief
valve and a pressure regulator. As the pressure is changed
inside the chamber, the capillary fiberglass suffers a stress-
induced refractive index anisotropy caused by the compression
of the pressure forces. This refractive index change is due to
the stress-optic effect or photoelastic effect [33], which induces
birefringence variations in the glass material of the capillary
fiber. Those alterations in the structure of the capillary fiber
cause a direct change of the nair−clad

e f f from equation 2, altering
the phase difference. It is well known that a phase difference
change in a fiber optic interferometer causes visibility changes
and a wavelength shift of the notches in the interference pat-
tern [20], [34]. In this work, the visibility changes are directly
correlated to pressure values. Thus, pressure applied values
can be determined from visibility changes in the transmitted
spectrum of the proposed sensor.

Fig. 3. Transmission spectra for devices with 1, 1.5,2, and 2.5 mm long
segments of capillary fiber.

The induced birefringence in a glass tube, which is caused
by pressure forces, at a radial horizontal position R inside the
glass wall can be estimated by [31]:

Bglass−tube(R)=2(C2−C1)(Pout − Pin)

(
1−

(
rin

rout

)2
)−1

r2
in

R2

(3)

where C1 and C2 are the elasto–optic coefficients for silica
glass (−0.69X10−12 Pa−1 and −4.19X10−12 Pa−1, respec-
tively), Pin and Pout are the internal and external pressure of
the capillary fiber tube, rin and rout are the inner and outer
radii of the tube.

III. EXPERIMENTAL RESULTS AND ANALYSIS

It is worth to mention that all the experiments presented
in this work were repeated at least three times, and the
results presented in this section are an average. Also, from
the repeated tests, it was found that the sensor behaviors are
consistent and have maximum standard deviation values of the
order of 4.245 × 10−8.

The optical transmission spectra for devices with capillary
fiber length sections of 1, 1.5, 2, and 2.5 mm long are shown in
Fig. 3. It is noted that the fringe contrast or visibility increases
as the length of capillary fiber increases. Also, as the length
of the capillary fiber increases, the period of the interference
fringes decreases. This period behavior is consistent with the
free spectral range (FSR), which represents the wavelength
difference between two adjacent interference fringes, which is
inversely proportional to the capillary fiber length. The FSR
is given by the formula [35]:

F S R = λm−1 − λm = λm−1λm

L(nair−clad
e f f − nair )

(4)

where λm and λm−1 are the wavelength of the mth and
(m − 1)th order interference dips and m is an integer. L,
nair−clad

e f f , and nair are the same parameters described in
equation 2.
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Fig. 4. a) Transmission spectra of a device with a capillary fiber length
of 1.5 mm for different pressure values. b) Wavelength shift vs. applied
pressure.

Another effect that occurs when changing the FSR in
optical fiber Mach-Zehnder interferometers, by geometrical
changes in their structures, is the displacement of the most
profound wavelength dip [36]. In this work, it is observed in
Fig. 3 that the most profound wavelength dip moves to longer
wavelengths as the FSR decreases or the length of capillary
fiber augments.

In a variety of optical fiber interferometers, the fringe visi-
bility is employed to determine the quality of their interference
patterns, and hence, the quality of any interferometric sensing
application [37]. In this work, it was experimentally found that
visibility of the interference pattern is affected by pressure
changes applied to the device inside the chamber. Fig. 4a)
shows the transmission spectra for a fiber device with a
capillary fiber length of 1.5 mm from atmospheric pressure
to 1000 psi , in steps of 200 psi . According to this figure,
it is clear that the fringe visibility decreases as the applied
pressure increases. Fig. 4b) shows the wavelength shift caused
by the pressure changes, and the maximum wavelength shift
was around 0.4 nm over this range of pressures.

The well-known relationship for the fringe visibility (equa-
tion 5) was used to evaluate the visibility variations caused by
pressure changes in devices with 1, 1.5, and 2.5 mm capillary
fiber lengths.

V = Iup − Ilow

Iup + Ilow
(5)

Here Ilow and Iup are the minima of the lower and upper
envelopes of the transmission spectra, respectively. The spec-
tral induced visibility changes by pressure on the devices are
shown in Fig. 5. The visibility decreases when increasing pres-
sure for all devices. Starting at atmospheric pressure, the vis-
ibility values for devices with capillary lengths of 1, 1.5, and
2.5 mm are ∼0.46, ∼0.64, and ∼0.77, respectively. When the
pressure inside the chamber is increased to 1000 psi , the visi-
bility values are decreased to ∼0.27, ∼0.39, and ∼0.45 for the
capillary lengths of 1, 1.5, and 2.5 mm, respectively. It was

Fig. 5. Experimental and fitting data of the visibility in the transmission
spectra for devices with capillary fiber lengths of 1, 1.5, and 2.5 mm, for
pressure values ranging from 200 to 1000 psi.

found that for pressure values from 200 to 1000 psi , the sensor
response to pressure is approximately linear. Fitting the fringe
visibility Vl , where l indicates the length of the capillary
fiber, of the pressure sensors to linear functions of the applied
pressure P, the responses for every sensor are the equations
6, 7, and 8. From those equations, it is observed that the
sensitivities of the sensors are approximately −2.356 × 10−4,
−1.798×10−4, and −1.406×10−4 V (a.u.)/psi for capillary
fiber lengths of 1, 1.5, and 2.5 mm, respectively.

V1 = −2.35627 × 10−4 P + 0.68373 (6)

V1.5 = −1.79766 × 10−4 P + 0.55684 (7)

V2.5 = −1.40614 × 10−4 P + 0.41235 (8)

From Fig. 5, it is observed that the dynamic range of
pressure measurement is dependent on the length of the
capillary fiber. Larger sensor devices are capable of measuring
higher pressure values, while smaller devices are limited to
measure lower pressure values. As a consequence, the dynamic
range of the sensor can be tailored by a proper selection of its
capillary fiber length. Also, it can be noted from Fig. 5 that
the sensitivity increases as the capillary fiber length increases,
which is related to the rise of pressure-sensitive area (capillary
fiber) that increases the sensor response.

IV. RESPONSE TO TEMPERATURE OF THE

CAPILLARY FIBER SENSOR

An additional characterization to the temperature of the
device was performed to find out if temperature induces
an effect over the spectrum device, and it could alter the
pressure measurements. Several devices were tested under
temperature variations by heating them with a hot plate up
to 1000C . Fig. 6 shows the temperature response for a device
consisting of 1.5 mm capillary fiber length. It was observed
a total wavelength shift of ∼1.6 nm together with a visibility
change of ∼0.04 units for the temperature range from room
temperature to 1000C . The calculated sensitivities from lin-
ear fits are 0.01871 nm/oC and 3.1554X10−4 V (a.u.)/oC
for wavelength shift and visibility changes, respectively.
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Fig. 6. Temperature response of a sensor with 1.5 mm of cap-
illary fiber length; a) spectra for several temperatures ranging from
22 to 100 degrees Celsius, b) wavelength shift and visibility versus
temperature (the maximum wavelength shift observed is ∼1.6 nm, and
the maximum visibility change was ∼0.04 units).

The transmission spectra for several temperatures ranging
from 22 to 1000C are shown in Fig. 6a). The wavelength
shift and visibility for the same range of temperatures are
illustrated in Fig. 6b). The capillary glass expansion causes
the changes in the wavelength shift and visibility variations,
according to the thermal expansion coefficient of the glass
(∼5.5X10−7/0C) [38]. However, for the pressure sensor oper-
ation when the temperature is not constant, those changes
can be compensated by the use of a temperature compensa-
tion scheme, initial calibrations, or double parameter matrix
method. Another fact that is clear to note from Fig. 6 is
that for low temperatures (see spectra for 22oC , 25oC , 30oC ,
and 40oC in Fig. 6a)) there are higher variations in the
spectrum level (∼ 0.61 d B), in contrast with the rest of higher
temperatures, where the level of variation is small ∼ 0.1 d B .
Also, as the temperature increases, the level for each spectrum
presented in Fig. 6a) decreases, except for the increase from
22oC to 25oC . These facts could be attributed to the release of
residual stress stored at the joints between SMF and capillary
fiber caused by the fast heat and cooling of the glass [39] in the
splicing procedure, this is relaxation of efforts when inducing
heat. It is worth to mention that all the tested devices have
similar behaviors of these illustrated in this section (visibility

TABLE I
COMPARISON OF THE PROPOSED SENSOR BETWEEN

SIMILAR REPORTED PRESSURE SENSORS

variations, level variations, and wavelength shift). Also, as can
be noted, the visibility does not change significantly with
the temperature, while the wavelength shift increases, which
is distinct from the behavior presented in Fig. 4, where
both, the transmission and the wavelength shift vary almost
equally with the pressure change. A simple explanation of
this is that both responses are from different perturbations
which alter the sensor in a distinct form, for the pressure
alteration over the sensor, the disturbance alters directly to the
guided light in the air-cladding interface of the capillary fiber
by deformation force via the photo-elastic effect, causing a
visibility change and a wavelength shift. On the other hand, for
the temperature, the perturbation is generated by the thermal
expansion coefficient of the capillary fiber, and the generated
disturbance creates a small visibility variation, a wavelength
shift, and a level variation caused by thermal relaxation of
remaining efforts in the optical fiber splices of the devices
formed in the manufacturing process.

V. DISCUSSION ABOUT THE SENSOR VIABILITY

The proposed sensor is compared with remarkable reported
FOPSs in table I. The FOPSs are listed in descending order
of their pressure sensitivity. Also, in table I, it is included the
dynamic range for which the sensors were tested.

From the sensitivity values in table I, it is noted that
even though the difference between wavelength shift and
visibility interrogation, in orders of magnitude, the sensitivity
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of our sensor is not as high as the ones based on air cavity,
diaphragms, and embedded core in a glass tube, but it is
around the same order of the ones constructed on special
fibers. However, this lack of high sensitivity can be an
advantaged characteristic regarding the sensor performance.
A high sensitivity of the sensor involves huge responses with
minimal variations of the parameter to measure, which makes
the sensor vulnerable to be also extremely sensitive to external
perturbations that may not be related to the perturbation of
the measured parameter, what adds alterations that lead to
incorrect lectures of the sensor. Also, for this case, if the
sensor is working to measure pressures and its sensitivity is
ultrahigh, a minimal pressure change or fluctuation will result
in no consistent lectures of the sensor. So, high sensitivity
sensors are appropriated for controlled environments where
only the parameter to measure is varied in a subtle way, such
as in a laboratory. On the other hand, a moderate sensitivity
sensor is favored to measure in environments with disturbances
other than the disturbance to be measured, because that distur-
bances, accordingly to the moderate sensitivity, may slightly
alter the sensor performance, and they may be considered
negligible, or they may be easily compensated. Consequently,
the moderate sensitivity sensor can be more suitable to sup-
port pressure fluctuations without adding inconsistent sensor
lectures. In consequence, a sensor with a moderate sensitivity
value may become more appropriate to be utilized to measure
pressure values in real-world applications, and even to in situ
applications.

Also, it is worth to mention some aspects of every FOPS
depending on its working principle. Firstly, most of the FOPSs
based on air cavities are fabricated with the use of a fem-
tosecond laser, which increases the cost of fabrication. Also,
the difficulty of their manufacture is of high level, thus making
it difficult for the fabrication repeatability of sensors with
identical dimensions and characteristics [12]. A specific case
is the one proposed by Ying Wang et al. [13], where they use
a liquid to act as a transducer, making the sensor complex and
limited to specific applications because the sensor performance
is affected by the liquid environment conditions. Secondly,
the FOPSs based on diaphragms, due to the required equip-
ment and laborious steps for their fabrication, they exhibit
delicate, complicated, and expensive fabrication processes,
and most of them have a complex construction. Thirdly,
the embedded core fiber in a glass tube has complicated and
costly fabrication because of the embedded core in the glass
tube, and also, it has a complex experimental setup because
of the need for free-space-optical alignments, what can make
difficult its use in practical applications. And fourthly, the use
of special fibers, which sensitivity values are around of the
order of our sensor, are also expensive and no very accessible
for the use of uncommon costly fibers, and some of them
need an additional process, such as, the construction of a
micro-channel [17].

Another aspect of being considered is the dynamic range
of the sensors. In table I, the dynamic ranges for which every
sensor was tested are included. Although all the OFPSs in
table I have adequate dynamic ranges for satisfactory pressure
sensor measurements. Except for [31], where the adjustment

of the dynamic range lies in the change of the sensing fiber
size, it is not reported a possible adjustment of the dynamic
ranges of the others OFPSs. Also, for [31], the change of the
sensing fiber is not an easy task since the manufacture of the
sensor is not simple. On the other hand, a simple adjustment
of the dynamic range for our sensor can be accomplished by
changing the length of the capillary fiber, which can be done
just by realizing simple optical fiber splice processes.

Unlike the other OFPSs, the reported sensor in this article
shows to have simplicity, easy fabrication, simple experimental
setup, cost-effective, easy installation, simple operation, acces-
sibility, and cost-effective construction, which are excellent
advantages that exhibit our sensor over the other proposed
sensors. Furthermore, our sensor offers a faster, more accessi-
ble, and more straightforward approach to measure pressure.
Adding the capability of the easy adjustment of its dynamic
range, which is a characteristic that most of the FOPSs do
not have, our sensor is a good candidate for applications that
demand pressure measurements in a simple, practical, fast, and
cost-effective way.

Another aspect to consider regarding the proposed devices
presented in this work is that they show to have losses
between 10 to 15 dB, which can be specially noticed from
the normalized spectra of Fig. 3. However, this is a minuscule
disadvantage that can be easily compensated with the usage
of light sources with power levels upper than these insertion
losses, which is not a significant obstacle since most of the
conventional light sources have enough power levels that cover
with this requirement.

VI. CONCLUSIONS

In conclusion, an optical fiber pressure sensor is exper-
imentally demonstrated. The device consists of a capillary
optical fiber whose length is only a few millimeters. The
device was built using a standard fiber splicer to connect the
capillary fiber to standard optical fiber (SMF) and construct
an SMF–COF–SMF structure, which acts as a Mach-Zehnder
interferometer. Light from the core of the lead-in SMF is
launched into the capillary fiber (at the first splice) to travel
through two different optical paths (air-core and air-cladding
interface in the capillary fiber). Then, when the light from
the two paths is coupled to the core of the lead-out SMF at
the second splice, interference occurs due to a phase difference
generated by the optical path difference between the light
of the two different paths. Finally, an interference pattern is
collected from the lead-out SMF end. The devices were placed
inside of a high-pressure chamber to be pressurized from
atmospheric pressure up to 1000 psi. The interference pattern
of sensor devices were monitored when applying pressure
into the chamber. The applied pressure induces a compression
stress distribution forces on the capillary fiberglass, which
causes a refractive index change due to the photo-elastic effect.
This refractive index change provokes a change in the con-
trast or visibility of the fringes of the interference pattern and
a wavelength shift. The visibility change is directly correlated
to the applied pressure by a linear factor in the range from
200 to 1000 psi. Also, as an advantage, the dynamic range
of the sensor can be easily tailored through the appropriate
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selection of the capillary fiber length. Moreover, in this work,
it is presented a practical and straightforward approach to
measure pressure by utilizing a device that acts as a transducer
by itself, and it is compact, novel, effortless, low cost, and easy
to manufacture. Consequently, our pressure sensor is attractive,
suitable, feasible, and reliable to monitor the pressure for the
well-functioning in industrial processes and industrial opera-
tions to avoid injuries and to operate machinery safely. These
industrial processes and technical procedures may include
hydro-pneumatic systems, compressors, high-pressure boilers,
pipes, turbines, and pneumatic systems, which are involved,
especially in machinery for manufacturing and production
processes.
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