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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 desorbed 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
of serious illnesses such as sleep apnea syndrome. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/

1.JBO.17.3.037006]
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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.1 On the other
hand, some serious illnesses (e. g. sleep apnea syndrome)
can be diagnosed by detecting alterations in breathing rates
or abnormal respiratory rate.2 Monitoring of breathing is also
important to study the progression of a diagnosed illness or
to evaluate the health of a person.

Breathing can be detected and analyzed 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 during any oncological
treatment that requires the administration of radiation or high
electric/magnetic fields since they can fail and also represent
a burning hazard to the patient. In the aforementioned conditions
optical breathing sensors are good candidates. Breathing can be
monitored, for example, using fiber-based humidity or tempera-
ture 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.5–9 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 during
breathing.10–14 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.10–14

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

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 too slowly to
changes in humidity/temperature. On the other hand, some
fiber-based strain/bending sensors are also sensitive to body
motions, thus, in some circumstances; it can be difficult to
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
reflection mode and consists of a short segment of photonic
crystal fiber (PCF), also known as microstructured 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 PCF. As a result, the reflection spectrum of the device
exhibits a well-defined interference pattern. 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 to monitor a person’s
breathing whatever the respiration rate.

2 Device Fabrication and Performance
Figure 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 carried
out with common fiber tools and equipment.15 A micrograph
of the PCF cross section is shown in the figure. The fiber is
commercially available and it is known as large-mode-area
PCF (LMA-10, NKT Photonics). This fiber has six-fold sym-
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125 μm. The diameter of the voids is 3.1 μm and the separation
between consecutive voids (pitch) is 6.6 μm. A short section
(between 1 to 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 to splice
the SMF and the PCF. 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.16 Figure 1 shows a micrograph of the SMF-PCF junc-
tion with a 130 μm-long collapsed zone.

The collapsed region in the PCF is what allows the excitation
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 PCF.16 Owing to the
axial symmetry the excited modes are those that have similar
azimuthal symmetry, i.e., the HE11 core mode and the HE22-
like cladding mode.16 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 HE11 core mode is n1 and n2 is that of the HE22

cladding mode, then the phase difference will be Δϕ ≅
2πΔn∕L, with Δn ¼ n1 − n2 and L the length of PCF. The effec-
tive indices, and therefore, the phase difference Δϕ depend on
the wavelength (λ) 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 accumulated phase difference
will be Δϕ ≅ 4πΔn∕L due to the double pass over the PCF.17,18

When the reflected modes reach the collapsed region they will

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 to a spec-
trometer; the resulting spectrum will exhibit a series of maxima
and minima, i.e. an interference pattern as it is shown in
Fig. 2(a).

Fig. 1 Schematic diagram for interrogating 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 mode is also illustrated.

Fig. 2 (a) Normalized reflection spectra of an interferometer with in an
open void configuration (dotted line) and in a sealed void one (solid
line). (b) Reflection spectrum of a sealed-void interferometer when
the external medium was air (solid line) and when a person breathed
close to it (dotted line). In all cases the length of PCF was 20 mm.
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The open voids at the end of the PCF allow the sensing of
chemical vapor or humidity17,18 but with slow response time. In
addition, it is not easy to clean the voids of the PCF when they
are infiltrated with moisture or dust particles. Thus, a “sealed
void” configuration was devised, see Fig. 1. The sealing of
the PCF voids was carried out by splicing ∼10 mm of SMF
to the PCF, by collapsing also the PCF holes, and by splicing
∼5 mm of a capillary tube with inner/outer diameters of
40∕125 μm to the SMF. The end of the capillary tube was sealed
by means of arc discharges in the splicing machine. Note that the
capillary tube at the end of the SMF completely isolates and
protects the glass-air interface that functions as a low-reflectivity
mirror (Fresnel reflection). The reflection spectrum of a 2-cm-
long interferometer with sealed PCF voids is shown in Fig. 2(b).
Although both interferometers were fabricated with the same
length of PCF they exhibit different periods and visibility.
This is probably due to the fact that the cladding mode propa-
gates with high losses. In the interferometer with the sealed void
configuration the cladding mode does experience Fresnel
reflection as the core mode. In fact, the cladding mode can
be completely absorbed by the protective coating of the SMF
located at the distal end. Therefore, in such an interferometer
the fundamental mode reflected from the short section of
SMF is what excites a core and a cladding mode in the PCF.
The visibility of the interference pattern increases remarkably
since the cladding mode propagates only once over the PCF.
Thus, in the sealed void interferometer the accumulated
phase difference depends only on the physical length of PCF
in spite of the fact that the device operates in reflection mode.

When a guided mode reaches the waveguide-external-
medium interface it becomes highly sensitive to refractive
index changes that occur right at the waveguide’s surface.
Such properties can be exploited for direct optical sensing,
i.e., no intermediate layer, material or periodic structure is
needed.17–20 In our interferometer with the sealed void config-
uration, absorbtion of water vapor (humidity) or a nanometer-
thick polymeric or dielectric layer on the PCF surface will
modify solely the phase velocity (or effective refractive
index) of the cladding mode, because the core mode is comple-
tely isolated from the external medium. As a consequence, the
phase difference between the interfering modes will change and
the interference pattern will shift. Figure 2 shows the reflection
spectra of an interferometer in the sealed void configuration
when the external medium was air and when a person exhaled

air directly on the PCF. It can be noted that the peaks of the
interference pattern experience a minute but detectable shift
to longer wavelengths. Thus, by tracking the position of the
peaks of the interference pattern of our interferometer a person’s
breathing can be monitored.

3 Device Packaging for Monitoring Breathing
Based on the above analysis and observations we proceeded to
study the performance of our sealed-void interferometer as a
breathing sensor. To do so the interferometer was properly pack-
aged. The fiber that was bare, except the section of PCF, was
protected with a glass tube with inner/outer diameters of
150∕400 μm which in turn was shielded with another metallic
tube with inner/outer diameters of 1.7∕3.0 mm. The tube was
filled with glue to secure the device. The remaining optical
fiber was cabled and an a conventional connector was put at
the end. Prior to packaging, the thick tube was modified to
leave a narrow aperture over the PCF region, thus allowing a
person’s exhaled air to enter/exit the sensitive part of the inter-
ferometer, as seen in Fig. 3. The packaged device was then set in
an inexpensive, disposable silicone oxygen mask which in turn
was attached to a volunteer’s nose and mouth and secured with
the elasticized headband of the mask. The sensor was set in such
a way that it was approximately at 3 cm from the patient’s nose.
It is important to point out that we ensured that the light from the
end of the interferometer never reached the volunteer’s eyes,
face or skin even though the power of our optical source was
in the microwatt level. The shift of the interference pattern
was monitored with a commercial fiber Bragg grating (FBG)
interrogator (I-MON E-USB, Ibsen Photonics). One point
was collected every 16 ms. Such a sampling rate is fast enough
to monitor the breathing of any person. Figure 3 shows the shift
of the interference pattern as a function of time when a person
was breathing normally. The measurements were carried out
with the set-up shown schematically in Fig. 1; the light source
was an LED with central emission at 1550 nm. The volunteer
heart rate was 85 beats per minute (bpm), the same that was
measured with a commercial heart rate monitor attached with
a strap to the volunteer’s chest.

To investigate further the capability of our device, we
monitored our volunteer’s breathing at different conditions.
The volunteer was subjected during a few minutes to an intense
aerobic exercise until his heart rate reached 110 or 135 bpm.
Immediately after the exercise, the mask with the referred sensor

Fig. 3 Photograph of the mask placed on the volunteer’s face showing the position of the sensor inside the mask (dotted rectangle). The exhaled air
stems the interior of the mask and the PCF surface. The inset picture shows the tip of the packaged sensor wherein with the aperture is located. The plot
shows the shift of the interference pattern when a person was breathing normally. A 20-mm-long sealed-void interferometer was used. The light source
was an LED with central emission at 1550 nm and the measurements were carried out with a set up similar to that illustrated in Fig. 1.
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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-
tion cycle. In another test, the volunteer was asked to 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 nearly 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 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 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 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

different lengths. Possible failure modes were also investigated.
Figure 6 shows the interference pattern 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 pattern fluctuates the posi-
tion of the peak remains unaltered. This suggests that voluntary

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.

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 pattern 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.

Fig. 6 Interference patterns observed when the fiber was subjected
to 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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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 part 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 whatever 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 burning
hazards. The device here proposed can also be useful in the
diagnosis of serious illnesses such as sleep apnea syndrome.

Development of a portable breathing monitor is feasible
because of considerable advances in the development of minia-
ture light sources and detectors. Compact and portable FBG
interrogator units are emerging. Thus, in the near future the
breathing sensors here proposed might be incorporated into
battery-operated portable medical diagnostic equipment.
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