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Absract: The effect of hydrostatic pressure on the waveguiding properties of high
birefiingence photomic crystal fibers (HiBi PCTE) is evaluated both numencally and
expenimentally. A fiber design presenfing form birefringence induced by two enlarged
holes in the mnermost ring defining the fiber core 15 investigated. Numerical resulis show
that modal sensitivity to the applied pressure depends on the diameters of the holes. and
can be tailored by independently varying the sizes of the large or small holes. Numerical
and experimental results are compared showing excellent agreement. A hydrostatic
pressure sensor is proposed and demonstrated using an in-fiber modal interferometer where
the two orthogonally polanzed modes of a HiBi PCF generate fringes over the optical
spectrum of a broad band source. From the analysis of expenimental results, it 1s concluded
that. in principle, an operating limit of 92 MPa 1 pressure could be aclweved with 0.0003%
of full scale resolution.

Keywords: photonic crystal fiber, high birefringence; hvdrostatic pressure sensing.
air-silica structured fiber; microstructured fiber
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1. Introduction

The sensitivity of high birefringence (HiBi) fibers to hydrostatic pressure has interested the
scienfific community as a feasible alternative for pressure sensing. The amisotropic nature of the core
region, mncluding stress distnbution and geometry, makes HiB1 fibers sensihive to axially symmietnic
transverse forces acting on the external surface of the fiber. HiBi photonic crysfal fibers. where the
degeneracy 15 lifted by a break 1n structural symmetry, present some important advantages over
conventional stress induced HiBi optical fibers, and have recently been emploved to demonstrate
pressure sensors based on either intermodal interferometry [1-4] or Type II fiber Bragg gratings [5].

Conventional all-solid HiB1 fibers present residual stresses that are largely dependent on matenal
thermal relaxation. and consequently are highly sensifive to temperature varations. Temperature
sensitivity in PCFs, on the other hand, is mostly associated to the fiber thermo-optic coefficient and
can also be made negligible [6]. They can be specifically tailored to enhance their response fo
hydrostatic pressure while presenting mnegligible temperature dependence [7]. The internal
mdcrostructure of holey PCEFs can be engineered fo behave as an air-silica composite material, where
size of holes and theiwr distnbution at the core and cladding regions of its cross section can increase or
decrease response to sframn. pressure, or temperature [8.9]. Another advantage conceming pure silica
PCFs lies in their chemical resistance to hydrogen. which makes them particularly attractive for
sensing applications in high temperature and hydrogen rich environments. The absence of defects
induced by germanium or phosphorous doping in the glass matnix greatly enhances the fiber immunity
to H; diffusion and reaction, wiiuch are both responsible for decreasing the fiber's transparency and
mechanical strength [10].

The work presented here bnings detailed information on the effect of hydrostatic pressure over the
waveguiding properties of PCFs and also insight on ways of shaping the fiber sensitivity. Given the
numerons design possibilities to achieve high birefingence with PCFs. a fiber design that is already
available in the market was chosen as starfing point and reference. Multiphvsics finite element analysis
1s employed to numerically evaluate the coupled mechanical and opfical response of HiBi PCFs fo
hydrostatic pressure. With the aid of a numenical model, we analyze in detail the changes in modal
birefringence brought about by slight modifications in the design of the reference fiber. This same
reference PCF is then employed to demonstrate a hydrostatic pressure sensor based on polanization
mode interference within the fiber. Finally, numerical and experimental results are compared showing
excellent agreement.

2. HiBi PCT Fiber Design and Numerical Modeling

There are distinct ways of tailoring PCFs to enhance their birefringence. This may be accomplished,
for instance, by breaking the n-fold rotational symmetry of an otherwise n-fold symmetric holey
microstruciure [11), In another approach, elliptical holes wath equal or different sizes have been
emploved to define both the cladding and core regions of the PCF [12.13] Bireffingence as hugh as of
the order of 107 can be achieved in this fashion. However, only a few of these fibers are commercially
available at this time. Therefore, in this paper. we have resorfed to a commercial HiBi PCF supplied by
NET Photonics. Their fiber model PM-1550-01 [14] was used here as a reference for numerical and
experimental investigations. This same fiber has been emploved elsewhere to demonstrate
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pressure [1-4], strain [15], torsion [16], and magneiic sensors [17]. The cross-seciion of the fiber
PM-1550-01. depicted in Figure 1(a), contains a hexagonal lattice of small holes defining the cladding
region. A missing hole in the nuddle gives rise to a solid core. Due to the high index contrast between
core and cladding regions, the guidance mechamism is predomunantly governed by total infermal
reflection. The distance between holes fornung the periodic lattice is .4 = 4.4 pm. The diameter of the
small air holes is 4 = 2.2 um. Birefringence 15 penerated by replacing two of the small holes in the
innermost ring surrounding the core by larger holes of nominal diameter D=4 5 pm_ The solid poriion
of the fiber 1= made of pure silica (fgip: = 1.43). In the numernical study reported here, we have
analvzed peometrical variations of this reference PCE where d and D were either enlarged or reduced.

Figure 1. (a) Scanmng eleciron microscopy picture of the pure silica HiBi1 PCF fiber used
as reference for the numernical modeling and demonstration of a hydrostatic pressure
sensor; (b) schematic representation of the fiber core showing the fast and slow axis as well
as the stress components (gy and &5 ), (¢} mesh representing the fiber structure for the fimite
element anafysis—inset: zoom in on the structured region defining the fiber core; (d) stress
distnbution (o> component) across the fiber core; and (e) mumerically caleulated elecinc
field distribution for one polarization eigensiaie mode.
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The stress distribution within the fiber and the propagation constants of fhe two confined modes
under the action of hydrostatic pressure are calculated using the finite element code CTOMSOL
Multiphysics”™ (version 3.5) [18]. As highlighted in Figure 1(b), the mesh density of the finite element
model 15 ligher near the structured region of the fiber cross-section Satisfactory refinement was
obtained after a convergence analysis lead to a mesh with 153 280 triangular elements. Figure 1(d.e)
present examples of the stress and electric field distributions within the waveguide calculated using the
finite element software.

The first step in order to assess the effect of hvdrostatic pressure in the waveguiding properties of
the PCF iz a mumerical evaluation of the stress distribution in the pressure loaded fiber. A state of
plane-sirain was assumed in the simulations, and the values emploved for the silica glass” Young
modulus and Poisson rafio were 72.5 GPa and 0.17 respectively. After obfaining the stress field due to
the applied pressure, the new refractive index distribution 1n the fiber cross-section 15 evaluated by
using the stress-optical relation [19]:

ny =ng— G0y — G0, +03)
na =ng — G162 — G20y +03) (1)
nz =ng — G0y — G(ay +03)
where ;. 05, and oy are the pnncipal stresses in the fiber, while C, and C; correspond to the
stress-optical constants, which. for silica glass. are 0.69 x 107 and 4.2 x 107~ P2~ in that order.

The new refractive mdex distnibution. caleulated for the pressure loaded fiber through Equation (1).
15 then used to numernically obtain the effective indices of the two orthogonally polarnized fimdamental
modes (LPyiagwe and IPpigny) The modal fields and effective indices are caleulated using a
full-vectorial model and the Maxtwell's differential equation 1s expressed in terms of transverse electric
and magnetic fields. In the numerical model. instead of resorting to a perfecly matching layer boundary
condition, we have assumed a perfect magnetic conductor condition along the fiber's outermost
boundary. This simpler condifion could be employed here due to the fact that we are mferested in
simulating only the two fundamental [Py modes, whose fields rapidly decay towards the
computational boundary. Furthermore. these modes present negligible loss within the fiber lengths
emploved in the present investigation.

Phase and group modal birefiingence, denoted as 5 and & respectively, are given by [6.7]:

B =nilt —nlfe: @
dB
G=0—1— 3

where n§iy; and nfge, are the effective refractive indices of the two polarization modes and i the
wavelength.

2.1. Resulis and Discussion

The coupled elasto-optic response in the presence of hydrostatic pressure was numernically
investigated for two groups of fibers. In the first group, the size of small holes fornung the cladding
was fixed at =22 um_ while the diameter of the two large holes D, ranged from 4.2 to 5.1 pm. In
the second group. the diameter of the two large holes was fixed at 4.5 pm while the sizes of small
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We report on a mricroscopic Fabry—Perot interferometer whosecavity is a bubble trapped inside an optical fiber. The
microcavity is formed by pressuring a photonic crystal fiber (PCF) with large voids during fusion splicing with a
conventional single-mode fiber. The technique allows achieving high repeatability and full contral over the cavity
sizeand shape. It was found that the size of the PCF voids contributes to control the cavity size independently of the
pressure in the PCF. Our devices exhibita record fringe contrast of 30dB (visibility of 0.999) due to the ellipscidal
cavity whose surfaces compensate for the diffaction of the reflected beam. The strain sensitivity of the interforom-
eters is higher when the cavities are ellipsoidal than when they are spherical.  © 2011 Optical Society of America

LS eodes: 12002230, 060.5296, 060.2370, 120.3180.

One of the simplest configurations of a Fabry—Perot in-
terferometer (FPI) consists of two uncoated fiber ends
separated by an air gap [1,2]. In such a configuration,
the permanent alignment of the fibers imposes con-
straints, thus considerable research efforts have been
placed on making the microcavity inside the fiber. For
example, the cavity can be carved by means of chemical
etching [3-5] or femtosecond laser micromachining [6,7].
Another alternative consists ol splicing a short section of
capillary tube or holey fiber between two singlemode
fibers [8-11]. Some associated drawbacks of these ap-
proaches include costly equipment, multiple fabrication
steps, reflecting surfaces with imperfections due to the
removal of material, and/or low mechanical strength.
By splicing a photonic crystal fiber (PCF) or a capillary
tube and a conventional optical fiber using the standard
arc-discharge technigue, it is also possible to form a mi-
croscopic air cavity inside the waveguide [12-14). The
main disadvantage in this case is the low reproducibility
and minimal control over the cavity length.

In this Letter we demonstrate high-quality microscopic
FPIs, Their fabrication is carried out by pressurizing in a
controlled manner a PCF dunng splicing with a standard
optical fiber (SMF-28). The technique allows high repro-
ducibility and control over the size and shape of the cav-
ities. The micro-FPls are entirely embedded in the fiber
and exhibit record [ringe contrast (30 dB) due to the
ellipsoidal shape of the cavity. It was found that the
size of the PCF voids also helps to control the cavity
length of the interferometers. When the devices are used
for strain sensing, substantial sensitivity improve-
ments where found when the fabrication was via void
pressurization.

Figure 1 shows the fabrication and characterization
setup along with the eross section of two PCFs used
in the experiments. The two PCFs had the same hole pat-
tern and core/cladding diameter but different hole sizes.
The average void diameter of PCF-A and PCF-B were, re-
spectively, 4.8 and 5.6 ym. To fabricate the FPIs, the PCF

0146-9562/11/214191-03515.00/0

and the standard fiber were spliced with a conventional
fusion splicing machine (in our case with an Ericsson
FSU 955). To have control over the cavity length, the
voids of the PCF were pressurized with pure nitrogen
using a homemade device.

It is known that, when an SMF and a PCF are fusion
spliced, the PCFE’s air holes may entirely collapse [13]. As
a result, part of the air (or nitrogen) originally inside the
voids can be trapped, thus forming a microscopic cavity
[12,13]. A collection of samples were fabricated at differ-
ent pressures with a fusion program that had the follow-
ing parmameters: prefusion time, 0.3s; prefusion are,
13 mA; overlap, 5um; fusion current 1, 12mA. The re-
maining parameters were those set in the machine for
splicing SMFs. When the PCFs were not pressurized,
the cavities had a spherical shape [12,13], but their sizes
could not be controlled. However, when the PCF voids
were pressurized, the cavities had an ellipsoidal shape
(see Fig. 2) whose dimensions depended on the pressure.
The short overlap and the pressure in the PCF contribu-
ted to achieve elliptical cavities. In all cases, the micro-
bubbles were formed at the interfface with the SMF, in

AT
regulator

Fig. 1. (Color online) Drawing of the fabrication and charac-
terization setup. LED stands for light emitting device, FOC for
fiber optic circulator, and OSA for optical spectrum analyzer.
The cross sections of the PCFs used are shown.

© 2011 Optical Society of America
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b foh E
Fig. 2. Micrographs of some cavides. (a) The PCF is not
pressurized, (b} and (¢} the pressure was 1.5bars and 1.0 bar,

respectively. d refers to cavity length. The fiber used was the
PCFB.

front of its core; see Fig. 2. The cavities were always
formed when the PCF was pressurized.

In our devices, interference occurs between light re-
flected from a glass—air interface and that reflected from
an air—glass interface. The reflectivity of each intedace is
~3.7%: hence, the transfer function of our FPI can be ex-
pressed as [15): = I; + [, + 2/TiT5 cos{Ag), where [,
and I are, respectively, the intensity of the beam re-
flected from the SMF-end-air interface and the air-glass
interface. Ay is the total phase, which, to a good approx-
imation, can be expressed as Ag=4mnd /4, n being the
refractive index of the medium trapped inside the eavity
and A the wavelength of the optical source.

Figure 3 shows the reflection spectra of three devices.
The difference in the fringe contrast when the cavities
had elliptical shapes is evident. The fringe contrast or vis-
ibility of an interferometer is an important parameter,
particularly when the intederometer is used for sensing
or metrological applications. Typically, higher visibility is
desirable since it leads to larger signal-to-noise ratio and
more accurate measurement. The visibility (V) of a two-
beam interferometer is calculated by [15]

V =2vk/(1+k), (1)

wherek = I, /1. It can be noted that V canbe as high as 1
if the two reflections have equal intensities. In fiber FPls
with flat reflecting surfaces, I is always smaller than [
due to the loss introduced by the recoupling of the beam
[16]. The recoupling loss is a consequence of the diver-
gence of the propagating beam. The situation is similar in
FPIs with small spherical cavities. However, as it is
shown in Fig. 3, when the cavity has an ellipsoidal shape,

— i
=) i

Refelction (dB)

B

1600 1520 1540 1560 1580 1600
‘Wavelength (nm)
Fig.3. (Color online) nierference pattems observed when the
PCF wvoid is not pressurized (spherical cavity, d =27 gm) or
pressurized (ellipical cavity) at 1.5bars (d = 28um) or at
4.0bars (d = b8 um). In all cases the fiber was the PCI-B.

V enhances remarkably. The interfaces with large radius
of curvature compensate partially the divergence of the
reflected beam, thus V can be high. Note from Fig. 3 that
the fringe contrast in our 28 unvlong cavity FPI reaches
30dB (V = 0.999), which is, to our knowledge, the high-
est visibility reported until now for an FPI using reflec-
tions from silica—air interfaces. Around 75% of our FPls
with cavities in the 25-60 pm range exhibited visibilities
in the 25-30dB range.

Figure 4 shows the fringe spacing or period () of our
devices along with the cavity size (measured under an
optical microscope) as a function of pressure in the PCF
voids. P was measured at 1650 nm and was calculated by
the expression P = 4%/ 2nd. Note that the period or cavity
length of our FPIs can be controlled with the pressure
since the medium inside the cavity does not change (air
or nitrogen ). Basically, by increasing the pressure when
the PCF is heated, the voids are enlarged [17] and, thus,
the cavity becomes bigger. Note that the PCF with larger
voids (PCF-B) allows the fabrication of larger cavities.
This suggests that the PCF void size contdbutes also
to control P and/or d.

The temperature dependence of the interferometers
was studied. The thermal sensitivity of the devices was
found to be ~1pm/°C whatever the size of the cavity,
which is consistent with the results reported in [13]. The
application of the interferometers for strain sensing was
also studied, placing emphasis on the dependence of the
sensor sensitivities on d (or pressure in the PCF) and
shape of the cavities. Figure 5 shows the shift of the
interference patterns as a function of the applied strain
observed in different interferometers. Beeause of the
Poisson effect, the ellipsoid cavities of our FPIs undergo
maximum elongation in the direction of stretching, which
is also the direction of light propagation. The effect is
more prominent as d becomes smaller and smaller, thus
the strain sensitivity (slope of the curves) is higher in
FPlIs with short cavities. Because of the extremely low
thermal sensitivity of our FPIs and their high strain sen-
sitivity, the temperafure-induced strain error is calcu-
lated to be of the order of 0.15us/°C, thus fluctuations
of ~100°C would be needed to induce an error of
~15 e, Such an error is very low and temperature com-
pensation would not be necessary.
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Fig. 4. (Color online) Period of the FPIs as a fimction of the

pressure in the voids of the PCF. The inset shows the cavity
length as a function of pressure. The fibers used are indicated.
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Fig. 5. (Color online) Shifts of the interference patterns as a

function of strain in FPIs with ellipsoidal cavities of different

sizes. For comparison, the response of a FPI with a spherical

cavity is shown.

In conelusion, we have reported on the fabrication of
microscopic FPls in which the cavity is an air bubble
trapped inside an optical fiber. Such a cavity is formed
by fusion splicing together a standard SMF and a PCF.
The voids of the PCF are pressurized in a controlled
manner to achieve high reproducibility and control over
the cavity length. It was found that the size of the PCF
voids help to control the cavity dimensions. Our FPIs ex-
hibited visibilities as high as 0.999 due to their ellipsoidal
shape, which arises due to pressurization of the PCF and
the splicing conditions. The sensing capabilities of the de-
vices were investigated. High strain sensitivities and low
temperature sensitivities were observed, thus suggesting
that temperature compensation may not be required.

This work was partially supported by the Spanish
Ministerio de Ciencia e Innovacion (MCI) under project
TEC2010-14832 and the "Ramdn y Cajal” program, the
Coordenacao de Aperfeicoamento Pessoal de Nivel
Superior (251710-8 Ph.D. Fellowship), the Fonds

November 1, 2011/ Vol 36 No. 21 / OPTICS LETTERS 4183

Europeen de Developpement Economique des Regional
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Abstract: All-optical-fiber Fabry-Perot interferometers (FPls) with
microcavities of different shapes were investigated. It was found that the
size and shape of the cavity plays an important role on the performance of
these interferometers. To corroborate the analysis. FPIs with spheroidal
cavities were fabricated by splicing a photonic crystal fiber (PCF) with
large voids and a conventional single mode fiber (SMF), using an ad hoc
splicing program. It was found that the strain sensitivity of FPIs with
spheroidal cavities can be controlled through the dimensions of the
spheroid. For example, a FPI whose cavity had a size of ~10x60 pm
exhibited strain sensitivity of ~10.3 pm/pe and fringe contrast of ~38 dB.
Such strain sensitivity is ~10 times larger than that of the popular fiber
Bragg gratings (~1.2 pm/ue) and higher than that of most low-finesse FPIs.
The thermal sensitivity of our FPIs is extremely low (~1pnv°C) due to the
air cavities. Thus. a number of temperature-independent ultra-sensitive
microscopic sensors can be devised with the interferometers here proposed
since many parameters can be converted to strain. To this end, simple
vibration sensors are demonstrated.

©2012 Optical Society of America
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1. Introduction

The Fabry-Perot interferometer (FPI) is one of the most versatile interferometers since it can
be implemented in many different ways, see for example [1]. In its simplest configuration the
quoted interferometer can be implemented with Fresnel reflections from two air-glass or
glass-dielectric interfaces separated by a microscopic distance [2-3]. To avoid alignment
elements and minimize the fabrication steps, monolithic fiber FPIs have been proposed in
which a cavity is made by means of chemical etching [6-8], femto-second laser machining
[9.10]. or by inserting a short segment of hollow fiber or tube between optical fibers [11-13].
Another possibility to make alignment-free FPIs is by fusion splicing a photonic crystal fiber
(PCF) and a standard optical fiber together [ 14-16]. All the aforementioned FPIs can be good
choices for optical sensing since a minute change of the cavity size or index leads to a
detectable shift of the interference pattern. The sensitivities achieved with most low-finesse
FPIs reported until now are comparable to that of the popular fiber Bragg gratings (FBG). To
the authors’ best knowledge, no mechanism to enhance the sensitivity of FPIs while keeping
their main advantages (microscopic size, robustness, minimal fabrication steps, etc.) has been
proposed so far.

Here, we show that the shape and dimensions of the cavity help to substantially enhance
the performance of a fiber FPI. Interferometers with cavities of spherical and spheroidal
shapes are analyzed theoretically but the analysis of interferometers with cavities of other
shapes is straightforward. We demonstrate a FPl with spheroidal cavity of size ~10x60 pm
that exhibited fringe contrast of 38 dB (visibility of 0.99984). We believe that such visibility
is the highest one ever reported for a low-finesse FPL In addition to the high visibility, the
referred device exhibited a strain sensitivity of ~10.3 pm/pe which is ~10 times higher than
that of the popular FBG (~1.2pm/ue) [17] and higher than that of most low-finesse FPls
previously reported. To achieve FPIs with spheroidal cavities we fusion spliced a properly-
selected PCF to a single mode optical fiber (SMF) with an on-purpose splicing program.

2. Theoretical analysis

Let us assume a FPI whose cavity is made of air, has quasi-spherical (r =d) or spheroidal
shape and that is completed embedded in an optical fiber whose diameter is 2R, see Fig. 1. In
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Fig. 1. Diagram of a Fabry-Perot interferometer with (a) spherical and (b) spheroidal air
cavities which are assumed to be at the end of a single mode fiber (SMF), in front of its core.

the following analysis an oblate spheroid. i.e., an ellipse rotated around its minor axis, with
size of 2dx2r (r > d) will be assumed, where 2d is the polar diameter and r the equator radius.
Note that the spheroid polar axis (equator plane) is assumed to coincide with the direction of
light propagation. Light reflected from the SMF-air interface and that reflected from the air-
glass interface can be coupled back into the SMF and interfere. The accumulated phase
difference between the two Fresnel reflections is ¢ =4nnd/h+m, where k is the wavelength of
the optical source and n the refractive index of the medium inside the cavity. Thus, if one
launches light from a broadband source to the cavity and the reflection is analyzed with a
spectrometer a series of maxima and minima (interference pattern) can be expected. The
maxima will appear whenever ¢ = 2mm, with m a strictly positive integer. This means, at
wavelengths that satisfy the condition: 4, = 2nd/(m-1/2).

Like a FPI with flat reflecting surfaces, a FPI with spherical or spheroidal cavity can be
used for sensing physical parameters such as strain (6d/d) and any other parameter that can be
transduced to strain, e.g., pressure, load, vibration, tilt, etc. Any of these parameters will
induce solely a minute change of the cavity size since the cavity is assumed to be made of air
(n = 1). The changes experienced by the interferometer cavity will result in a shift in the
position of the interference maxima (or minima) by o4,. To correlate the shift of the
interference pattern with the change of the cavity size hence to estimate the sensitivity, it is
necessary to differentiate 4,,. This leads to the simple expression: 4, = 4,,(dd/d). Most authors
assume that the strain sensitivity of a FPI is independent of the cavity size and that it can be
enhanced solely by choosing longer wavelengths. Recent results reported by our group in [15]
and [16] suggest that the cavity size and shape of a FPI plays an important role in the
interferometer performance and motivated the work here presented.

If a FPI with cavities like those described in Fig. 1 is subjected to axial strain, force or
pressure it will experience the so-called Poisson effect which states that if d changes by &d
then r will change by ér. Thus, an axial strain (g, = dd/d) applied to the cavity will induce a
transversal strain (g, = or/r) to the same. The axial and the transversal strains are related to
each other by means of the Poisson’s ratio (v = —g/g,). Thus, the shift of the interference
pattern of a FPI with quasi-spherical or spheroidal cavity depends on v which in turn is
proportional to dr/éd. To calculate the Poisson’s ratio we need to analyze the volume (V) of
the section of optical fiber that contains the cavity and its microscopic changes (oV). If 6V is
caused for example by changes of pressure and temperature, then the following expression is
fulfilled:

Y L spiget. (h
Vv K

In Eq. (1), K is the bulk modulus and v is the coefficient of thermal expansion. Let us
assume that the change in pressure is due to axial strain applied to the optical fiber. Thus,
pressure and strain are related by means of the Young's modulus E = o/e, = 6P/e, (where ¢
is the tensile stress and &, is the axial strain). The volumetric changes caused by temperature
can be
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Abstract. In this paper a simple photonic crystal fiber (PCF) interferometric breathing sensor is introduced. The
interferometer consists of a section of PCF fusion spliced at the distal end of a standard telecommunications optical
fiber. Two collapsed regions in the PCF caused by the splicing process allow the excitation and recombination of a
core and a cladding PCF mode. As a result, the reflection spectrum of the device exhibits a sinusoidal interference
pattern that instantly shifts when water molecules, present in exhaled air, are adsorbed on or desarbed from the
PCF surface. The device can be used to monitor a person’s breathing whatever the respiration rate. The device here
proposed could be particularly important in applications where electronic sensors fail or are not recommended.
It may also be useful in the evaluation of a person’s health and even in the diagnosis and study of the progression
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1 Introduction

Breathing is a human vital sign, thus its monitoring is important
during certain imaging and surgical procedures where the
patient needs to be sedated or anesthetized.! On the other
hand, some seérous illnesses (e. g. sléep apnea syndrome)
can be diagnosed by detecting alterations in breathing rates
or abnormal respiratory rate.” Monitoring of breathing is also
important © study the progression of a diagnosed illness or
o evaluate the health of a person.

Breathing can be detected and analy zed using different meth-
ods. The most popular ones involve electronic sensors, see for
example Refs. 3 and 4. Electronic breathing sensors are not
recommended when patients are, for example, in a magnetic
resonance imaging (MRI) system. or durdng any oncological
treatment that requires the administration of radiation or high
electric/magnetic fields since they can fail and also represent
aburning hazand to the patient. In the aforementioned conditions
optical breathing sensors are good candidates. Breathing can be
monitored, for example, using fiber-based humidity or te mpera-
e sensors placed close to the patient’s nose or mouth since the
air exhaled by these airways has higher humidity and is warmer
than the inhaled air™" Another alternative to monitor breathing
using optical fiber sensors is by detecting the contraction and
expansion of the patient’s chest and abdomen that occur dunng
breathing.'""" This can be done by means of highly-sensitive
strain, bending or pressure sensors set in a belt, strap or
patch attached to the patient’s body. """

The advantages of fiberoptic sensors for monitoring breath-
ing and other parameters of clinical relevance include their
small size, bio- and electromagnetic compatibility and greater
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flexibility. Some drawbacks of the existing fiber-based breathing
sensors include the need of temperature/humidity-sensitive thin
films which usually degrade over time or respond o slowly ©
changes in humidity/temperature. On the other hand, somie
fiber-based strain/bending sensors are also sensitive to body
motions, thus, in some circumstances; it can be difficult ©
distinguish breathing from a person’s involuntary motions.

In this work we report on a simple optical fiber interfero-
metric breathing sensor that does not required any kind of
breathing-sensitive thin film or layer. The device operates in
reflecion mode and consists of a short segment of photonic
crystal fiber (PCF), also known as microstrucmred or holey opti-
cal fiber, fusion spliced at the distal end of a standard optical
fiber. A core and a cladding mode are excited and recombined
in the PCE As a result, the reflection spectium of the device
exhibits a well-defined interference patiem. The cladding
mode is highly sensitive to water molecules adsorbed on the
PCF surface. Thus, when a person exhales air close to the inter-
ferometer an instant shift of the interference pattern is observed.
The device here proposed may be used © monitor a person’s
breathing whatever the respimtion rate.

2 Device Fabrication and Performance

Figume 1 shows schematic drawings of the proposed device
along with some details of the interrogation set up. The fabrica-
tion of the interferometer is simple and straightforward since it
only involves cleaving and fusion splicing. which can be caried
out with common fiber tools and equipment'® A micrograph
of the PCF cross section is shown in the figure. The fiber is
commercially available and o is known as large-mode-area
PCF (LMA-10, NKT Photonics). This fiber has six-fold sym-
metry; its core and outer diameters are, respectively, 10 and
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Light source

Fig. 1 Schematic diagram for interragating the interferometer. The drawings show the interferometer with an “open void” or a- “sealed void” con-
figuration. L is the length of PCF. The micrographs show the PCF cross section and the PCF-SMF or SMF-capillary junctions. The broadening of the

fundamental SMF made is also illustrated.

125 pm. The diameter of the voids is 3.1 pm and the separation
between consecutive voids (pitch) is 6.6 pm. A short section
(between 1 1o 2 cm) of PCF was fusion spliced at the end of
a standard telecommunication optical fiber (SMF-28). A con-
ventional splicing machine (Ericsson FSU 955) was used to
fabricate the devices. The default programs set in such a
machine for splicing single mode fibers can be used w splice
the SMF and the PCE Under these conditions a robust and
permanent join is achieved. However, the PCF’s voids fully col-
lapse over a length of a few hundred micrometers because the
softening point of PCFs is lower than that of SMFs due to their
holey structure. The length of the collapsed zone in the PCF can
be shortened without compromising the robustness of the splice
by properly reducing the intensity and duration of the arc
discharge.' Figure 1 shows a micrograph of the SMF-PCF june-
ton with a 130 pm-long collapsed zone.

The collapsed region in the PCF is what allows the excitaton
and recombination of modes, thus achieving an interferometer.
The propagating beam goes through a section without core or
voids when it travels through the SMF-PCF junction. When the
fundamental SMF-in mode enters the collapsed region of the
PCF, it immediately broadens due to diffraction, as seen in
Fig. 1. The broadening introduces a mode field mismatch
which combined with the modal properties of the PCF allows
the excitation of specific modes in the PCE!® Owing to the
axial symmetry the excited modes are those that have similar
azimuthal symmetry, i.e.. the HE;; core mode and the HE;;-
like cladding mode.'® Such modes have different effective
refractive indices and propagate at different phase velocities:
hence they accumulate a phase difference. If the effective
index of the HE || core mode is n; and - is that of the HE;,
cladding mode, then the phase difference will be A=
2rAn/L, with An = n) — ny and L the length of PCF. The effec-
tive indices, and therefore, the phase difference Ad depend on
the wavelength (4) of the optical source. If the modes are
reflected from the PCF cleaved end. as seen in the “open
void" configuration in Fig. 1, the accamulated phase difference
will be Ad = 4zAn /L due to the double pass over the PCE,'"'*
When the reflected modes reach the collapsed region they will

Journal of Biomedical Optics

be recombined into a SMF core mode. Thus, if one launches
light from a broadband optical source, e.g. an light emitting
diode (LED), to the device and the output light is fed o a spec-
trometer; the resulting spectrum will exhibit a series of maxima
and minima, ie. an interference pattem as it is shown in
Fig. 2(a).
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Fig. 2 (a) Normalized reflection spectra of an interferometer with inan
open void cmﬁgurat'ran dotted line) and in a sealed void one {solid
linel. (b Reflection spectrum of a sealedwvoid interferometer when
the external medium was air (solid line} and when a person breathed
close to it (dotted ling). In all cases the length of PCF was 20 mm.
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was placed over his nose and mouth and his breathing was again
monitored. Figure 4 shows the observed shift versus time. It can
be noted that the device responds well whatever the respira-
ton cycle. In another test, the volunieer was asked © breathe
normally and then to stop breathing during a few seconds
Figure 5(a) shows the results under these breathing conditions, It
can be noted that the shift is peardy zero during the entire time
the volunteer did not breathe. The results shown inFig. 5(a) suggest
that our device might be useful in the smdy or diagnosis of sleep
apnea syndrome, an illness characierized by abnommal pauses in
breathing or instances of abnormally low breathing during sleep.

To investigate the reusability of our sensor, the breathing
of another volunteer was monitored; the results are shown in
Fig. 5(b). The monitoring was carried out with the same proce-
dure described above. Note that the shift s not exactly the same
in all cases due to variation in the separation between the per-
son's nose and the sensor, and also to possible conamination
of the sensitive part of the interferometer. However, information
about the person’s respiration rate, an important indicator of a
person’s health, is obtained. The contamination issue can be
overcome by cleaning the sensor with commercially available
solvents or even with sterilization of the device since optical
fibers can be sterilized but fluctuations of the separation between
nose and sensor cannot be eliminated.

The results discussed above are promising, because they
indicate that our device can follow the breathing cycles whatever
the respiration rate or condition. However, for the device to be
useful as a patient respiratory sensor in a real medical setting it
would need to fulfill more requirements. For example, the lim-
itations in size were analyzed by fabricating interferometers of
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Fig. 4 Shift of the interference pattern observed when the volunteer's
heart beat rate was 110 bpm (top graph) and 135 bpm {bottom
graph). In both cases a 20-mm-long sealed-void interferometer was
used and the wavelength was 1550 £ 50 nm.
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Fig. 5 {a) Shift of the interference pattern when a person, on purpose-
fully, stopped breathing during a few seconds. (b) Shift of the interfer-
ence pattem ohserved when another volunteer was hreathing normally.
In both cases a 20-mm-long sealed-void interferometer was usad and
the wavelength was 1550 nm.

different lengths. Possible failure modes were also investigated.
Figure 6 shows the interference pattem observed in a 12-mm-
long device when the fiber cable was subjected 10 movements
and bending which typically can be caused by motion of the
patient. Although the intensity of the patiem fluctuates the posi-
tion of the peak remains unaltered. This suggests that veluntary
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Fig. & Interference pattems observed when the fiber was subjected
ta bending and movements, Each trace Is the result from a different
position. The length of PCF was 12 mm. The intensity changes but
the position of the peak remains unaltered.
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was placed over his nose and mouth and his breathing was again
monitored. Figure 4 shows the observed shift versus time. It can
be noted that the device responds well whatever the respira-
ten cycle. In another test, the volunieer was asked © breathe
normally and then to stop breathing during a few seconds.
Figure Sia) shows the results under these breathing conditions. It
can be noted that the shift is neardy zero during the entire time
the volunteer did not breathe. The results shown in Fig. 5(a) suggest
that our device might be useful in the study or diagnosis of sleep
apnea syndrome, an illness characterized by abnormal panses in
breathing or instances of abnormally low breathing during sleep.

To investigate the rensability of our sensor, the breathing
of another volunteer was monitored; the results are shown in
Fig. 5(b). The monitoring was carried out with the same proce-
dure described above. Note that the shift is not exactly the same
in all cases due to variation in the separation between the per-
son’s nose and the sensor, and also to possible contamination
of the sensitive part of the interferometer. However. information
about the person’s respiration rate, an important indicator of a
person’s health, is obtained. The contamination issue can be
overcome by cleaning the sensor with commercially available
solvents or even with sterilization of the device since optical
fibers can be sterilized but fluctuations of the separation between
nose and sensor cannot be eliminated.

The results discussed above are promising, because they
indicate that ourdevice can follow the breathing cycles whatever
the respiration rate or condition. However, for the device to be
useful as a patient respiratory sensor in a real medical setting it
would need to fulfill more requirements. For example, the lim-
itations in size were analyzed by fabricating interferometers of
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Fig. 4 Shift of the interference pattern observed when the volunteer's
heart ‘beat rate was 110 bpm (top graph) and 135 bpm (bottom
graph), In both cases a 20-mm-long sealed-void interferometer was
used and the wavelength was 1550 4 50 nm.
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Fig. 5 (a) Shift of the interference pattern when a person, on purpose-
fully, stopped breathing during a few seconds. (b) Shift of the interfer-
ence pattem observed when another volunteer was breathing normally.
In both cases a 20-mm-long sealed-void interferometer was used and
the wavelength was 1550 nm.

different lengths, Possible failure modes were also investigated.
Figure 6 shows the interference pattem observed in a 12-mm-
long device when the fiber cable was subjected to movements
and bending which typically can be caused by motion of the
patient. Although the intensity of the patiem flucraates the posi-
tion of the peak remains unaltered. This suggests that voluntary
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Fig. 6 Interference pattems observed when the fiber was subjected
to bending and movements. Each trace-is the result from a different
position. The length of FCF was 12 mm. The intensity changes but
the position of the peak remains unaltered.
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or involuntary motions of the patient or fiber cable may not
affect the measurements. Another possible failure mode is
when a person coughs or contaminates the device with fluids
(saliva, sputum, etc.). However, these issues can be avoided
or overcome by embedding the device in a nasal clip, adequate
packaging. or using a cleaning process.

4 Conclusions

In this work we report on a breathing sensor based on a photonic
crystal fiber interferometer that operates in reflection mode. The
fabrication of the device is simple since it involves a pair of
fusion splices, hence it can be carried out with conventional
fiber tools and instruments. The cost of the devices is low
because the components (optical fibers) are inexpensive and
widely available. The key pan of the interferometer is a micro-
scopic collapsed region in the PCF which is what allows the
excitation and recombination of two modes in the PCF. One
of the modes (the cladding mode) is highly sensitive to changes
of refractive index on the PCF surface. Thus. when water vapor
from exhaled air is present on the PCF surface, the interference
pattern shifts. Such a shift can be detected in real time. Our
results suggest that the device can be used to monitor a person’s
breathing whate ver the breathing rate is. All the components of
the interferometer are (or can be made of) dielectric materials,
thus, the device can be used in critical applications, such as
during magnetic resonance imaging or some oncological
treatments, where electrical breathing sensors may not operate
properly or are not recommended because of potential buming
hazards. The device here proposed can also be useful in the
diagnosis of serious illnesses such as sleep apnea syndrome.
Development of a pomable breathing monitor is feasible
because of considerable advances in the development of minia-
mre light sources and dewctors. Compact and portable FBG
interrogator units are emerging. Thus, in the near foture the
breathing sensors here proposed might be incorporated mto
battery-operated ponable medical diagnostic equipment.
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