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bending/displacement detection

Hang Qu,' Tiberius Brastaviceanu,? Francois Bergeron,? Jonathan Olesik,?
lvan Pavlov,” Takaaki Ishigure,® and Maksim Skorobogatiy'*

'Genie Physique, Ecole Polytechnique de Montreal, C. P. 6079. Succ. Centre-ville, Montreal, Quebec H3C 3A7, Canada

*Tactus Scientific Inc, Campus des Technologies de la Sante, 5795 de Gaspe, Montreal, Quebec H2S 2X3, Canada

Department of Applied Physics and Physico Informatics, Keio University, Kohoku Ku, Yokohama, Japan

*Corresponding author: maksim.skorobogatiy @ polymtl.ca

Received 23 May 2013; revised 31 July 2013; accepted 5 August 2013;
posted 6 August 2013 (Doc. ID 191090); published 29 August 2013

We demonstrate an amplitude-based bending/displacement sensor that uses a plastic photonic bandgap
Bragg fiber with one end coated with a silver layer. The reflection intensity of the Bragg fiber is
characterized in response to different displacements (or bending curvatures). We note that the Bragg
reflector of the fiber acts as an efficient mode stripper for the wavelengths near the edge of the fiber
bandgap, which makes the sensor extremely sensitive to bending or displacements at these wavelengths.
Besides, by comparison of the Bragg fiber sensor to a sensor based on a standard multimode fiber
with similar outer diameter and length, we find that the Bragg fiber sensor is more sensitive to bending
due to the presence of a mode stripper in the form of a multilayer reflector. Experimental results show
that the minimum detection limit of the Bragg fiber sensor can be as small as 3 pm for displacement

sensing. © 2013 Optical Society of America
OCIS codes:

Microstructured fibers.
http://dx.doi.org/10.1364/A0.52.006344

1. Introduction

Fiber-optic bending/displacement sensors have been
extensively used in various scientific and industrial
fields. Recently, several research groups have demon-
strated using optical-fiber bending sensors for bio-
and medical sensing applications. For example, the
SENSORICA group [1] has used their fiber bending
sensors to detect the contraction of a small bundle of
cardiac muscle cells. Mitachi et al. [2] have inte-
grated a fiber bending sensor into a bed sheet to mon-
itor human respiration during sleep. Besides, fiber
bending/displacement sensors may operate as fiber
cantilevers that are used for sensing force (weight)
[3], liquid velocity and viscosity [4—6], vibration
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[6], and acceleration [7]. Many fiber bending sensors
are also devoted to the R&D of robots [8,9]. Thanks to
the flexibility and small size of fiber threads, the
fiber bending sensors can be easily integrated with
robot electro-mechanic modules and directly mea-
sure movements of a robot. Other areas where fiber
bending sensors can find their applications include
geological studies, structural health monitoring of
architectures, and the car industry, to name a few.
According to their sensing mechanisms, fiber-optic
bending sensors are generally categorized into two
classes: intensity-based sensors and spectral-based
sensors. Intensity-based sensors use either single-
mode or multimode fibers; transmitted intensity
through such fibers is then characterized as a func-
tion of the bending curvature [10,11]. Among the ad-
vantages of this type of bending sensors are low cost,
ease of fabrication, and simple signal acquisition and
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processing since no spectral manipulations are
required. However, the detection accuracy of the
amplitude-based sensors is prone to errors due to in-
tensity fluctuations of the light source and tempera-
ture drift. Moreover, in order to increase sensor
sensitivity, it is preferable to strip as much as pos-
sible the cladding modes, which are excited by the
bend. This is typically accomplished by coating the
fiber cladding with an absorbing layer or by decorat-
ing the fiber cladding with scatterers such as
scratches [10].

Spectral-based fiber-optic bending sensors can be
implemented using fiber gratings that include both
fiber Bragg gratings (FBGs) [12—14] and long-period
gratings [15,16]. Bending of fiber gratings changes
the pitch and refractive index (due to the photoelastic
effect) of the gratings, thus shifting the resonant
wavelengths. Compared to intensity-based sensors,
fiber-grating bending sensors are generally more
sensitive, and they allow multiplexing sensing of a
number of other measurands such as temperature,
strain, and refractive index [16]. The typical bending
sensitivity of fiber-grating sensors is ~1-20 nm/m™!
[13-16]. Note that fiber-grating bending sensors nor-
mally require expensive characterization equipment
such as spectrometers, while the bending resolution
of fiber-grating-based sensors is limited by the spec-
trometer resolution.

The spectral-based sensing modality is also uti-
lized by many in-line optical-fiber bending/displace-
ment sensors that employ interferometric structures.
In these sensors, the guided light is split into differ-
ent components propagating along different (in-fiber)
paths, or the guided light is coupled into different
modes. Then the recombination of these components
(or modes) would generate interference that is sus-
ceptible to bending of the fiber. By interrogating
the shift of the interference fringes in the transmis-
sion spectrum, one can quantify fiber bending. Vari-
ous fabrication techniques for the in-line fiber-optic
interferometric sensors have been proposed. These
include splicing a multimode fiber or photonic crystal
fiber between two single-mode fibers [17-19], cascad-
ing two fiber tapers [20], splicing a photonic crystal
fiber between two long-period gratings [21], and us-
ing multicore fibers [22,23]. The bending sensitivity
of the in-line fiber-optic sensors can be as high as
~36 nm/m™! [21]. We note that the resolution of
these spectral-based in-line fiber sensors is fre-
quently limited by the resolution of a spectrometer
used in those setups. Some of the in-line fiber bend-
ing sensors may operate using intensity-based inter-
rogation [4]; thus they are exempt from the use of
costly spectral acquisition devices. However, most
of the in-line optical-fiber sensors use complicated
nonhomogeneous fiber-based structures that require
significant fiber processing such as splicing, polish-
ing, and microstructure machining.

In this paper, we demonstrate an amplitude-based
fiber bending/displacement sensor that uses uniform
plastic photonic bandgap Bragg fiber with one end

coated with a silver layer. This type of fiber features
a relatively low-loss plastic core surrounded by a
multilayer dielectric reflector. This Bragg reflector
is an efficient mode stripper for the wavelengths out-
side of the fiber bandgap. In fact, outside of the fiber
bandgap, the core guided light penetrates strongly
into the multilayer reflector region, which acts as
a strong scatterer due to imperfections on the multi-
layer interfaces. Therefore, by interrogating the fiber
at the wavelengths near the bandgap edge, high sen-
sitivities to bending can be achieved. For comparison,
we a test bending sensor based on a regular multi-
mode fiber of similar outside diameter and length.
We find that the Bragg-fiber-based sensor is more
sensitive to bending as compared to sensors based
on regular multimode fibers due to the presence of
an efficient mode stripper in the form of a multilayer
reflector. Besides, we show that the Bragg fiber bend-
ing sensor can be packaged into a compact sensor
module by adopting the “MOSQUITO” sensor con-
figuration detailed in [24].

In order to avoid confusion between FBGs and
Bragg fibers, we note that in the FBGs, the grating
is inscribed onto the fiber along the fiber length. This
is done as a post-process after the fiber is fabricated.
To inscribe the FBG, ultraviolet photolithography or
femtosecond laser machining is generally utilized.
This is an additional processing step that is used
after fabrication of the optical fiber. As to the Bragg
fiber used in our sensor, the Bragg reflector is distrib-
uted in the transverse direction of the fiber and is
fabricated directly during the fiber drawing process
[25]. By realizing a Bragg reflector directly during fi-
ber fabrication, we avoid a costly postprocessing step
of writing Bragg gratings into a traditional optical
fiber. This is expected to significantly reduce the cost
of the specialty optical fibers for bending sensing.

Besides, the Bragg fiber sensor in this work oper-
ates using a low-cost intensity-based detection
strategy. At the edge of the photonic bandgap, the
transverse Bragg reflector operates as an efficient
mode stripper, which greatly improves the sensitivity
of the optical fiber to bending. In contrast, the above-
mentioned FBG-based sensors and in-line fiber sen-
sors normally operate using a costly spectral-based
detection strategy that measures the shift of reso-
nant wavelengths in response to the fiber bending.
This requires using expensive optical spectrum ana-
lyzers, with the sensor sensitivity directly related to
the resolution of the optical spectrum analyzer.

2. Experiments

The fiber used in this work is an all-polymer solid-
core photonic bandgap Bragg fiber fabricated in our
group [25]. In Fig. 1(a), we show a typical example of
a Bragg fiber that features a polymethyl methacry-
late (PMMA) core surrounded by a Bragg reflector
consisting of an alternating PMMA/polystyrene
(PS) multilayer (refractive index: 1.49/1.59). Such
a multilayer is responsible for the appearance of a
spectrally narrow transmission band (reflector
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Fig. 1. (a) Cross section of a typical solid-core Bragg fiber.
(b) Schematic of the Bragg fiber bending sensor.

bandgap) within which the light is strongly confined
inside of the fiber core, with a minimal presence in
the reflector region. For the wavelengths outside of
the reflector bandgap, the light penetrates deeply
into the multilayer region and suffers high propaga-
tion loss due to optical scattering on the imperfection
of a multilayer. Experimentally, the typical propaga-
tion loss of a Bragg fiber is ~10 dB/m for the light
inside the bandgap, and is ~60 dB/m for the light
outside the bandgap. The position and width of the
fiber bandgap are determined by the refractive indi-
ces of the fiber core and Bragg reflector as well as by
the thicknesses of the individual layers in the Bragg
reflector [26]. Additionally, one end of a Bragg fiber
is wet-coated with a thin silver layer serving as a
mirror [27].

In our experiment we use a 4-cm-long Bragg fiber
with core/cladding diameters of 240/290 pm, featur-
ing transmission losses at the bandgap center
(~470 nm) ~20 dB/m and numerical aperture (NA)
~0.2-0.3 depending on the fiber length. At the
bandgap edge (~500 nm), losses increase signifi-
cantly, and so does the NA of a fiber that can be
>0.8 for short fiber pieces. For comparison, we use
a commercial 4-cm-long multimode plastic fiber with
core/cladding diameters of 240/250 ym and NA ~0.5
for long fiber pieces. We note that direct comparison
of the NAs of the two fibers is challenging (if not
impossible), as the experimentally measured NA of
short fiber pieces can be significantly different from
that of the longer ones. Experimental measurements
of NA of short fiber pieces are sensitive to the cou-
pling conditions, as well as to the details of the inter-
modal scattering along the fiber length. This is
further complicated by the observation that the NA
of a Bragg fiber is highly sensitive to the operation
frequency and can change from 0.2 at the bandgap
center to more than 0.8 at the bandgap edge even
for relatively long 20—30-cm-long fiber pieces. There-
fore, for comparison, in our studies we have decided
to use two different fiber types of the same core
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diameter and the same length, instead of fibers with
the same NA, as would probably be more reasonable.

A schematic of the Bragg fiber bending sensor is
presented in Fig. 1(b). The light from a supercontin-
uum source first passes through a beam splitter and
is then coupled into the fiber by an objective. The
light coupled into the fiber travels back and forth
as it is reflected back by the silver mirror at the fiber
end. The reflected light passes through an objective,
and it is finally redirected by the beam splitter into a
spectrometer for analysis. We note that a supercon-
tinuum source and a grating-based spectrometer are
only required to study the dependence of the bending
sensor sensitivity on the wavelength of operation.
Normally, they should be replaced with a laser diode
and a power detector. Finally, a glass plate fixed on
the nanopositioning stage is used to displace the fi-
ber with increments of 50 pm to provide precisely
measured displacements. The glass plate is posi-
tioned ~4 mm from the V groove.

In Fig. 2, we show a typical micrograph of a bent
Bragg fiber. In order to extract the bend curvature,
the fiber shape is fitted with a circular arc (3-point
fitting). For larger displacements, the fiber shape
starts to deviate from a simple circular arc, and con-
sequently, error in the determination of the curva-
ture increases with displacement. To estimate the
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Fig. 2. (a) Fitting of the Bragg fiber shape with a circular arc.
(b) Curvature of the Bragg fiber as a function of the displacements
of the nanopositioning stage. The errors are estimated from the
results of several alternative fittings.
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Fig. 3. Reflection spectra of (a) Bragg fiber and (b) regular multi-
mode fiber for various values of the fiber curvature. The displace-
ments of each fiber and the corresponding curvatures of the fitting
arc are shown in the inset of (a).

error of the circular arc fitting, we perform a series of
3-point fittings by choosing different sets of fitting
points on the fiber, and then find the maximum
and minimum of the bending curvatures obtained.
The reflection spectra of the Bragg fiber and the
regular multimode fiber are presented in Fig. 3 for
various values of the curvature.

From Fig. 3, it is clear that for both fibers, the
intensity of the reflected light decreases strongly
even for relatively large values of the bending radii,
2-10 cm. For the Bragg fiber, the bandgap center (the
frequency of maximal transmission) remains fixed
at ~470 nm, while the bandgap extends from 460
to 520 nm.

3. Discussion of Bending/Displacement Sensitivity

From the results shown in Fig. 3, we can now find the
frequency dependence of the amplitude sensitivity of
the two bending sensors. Thus, in Figs. 4(a) and 4(b),
we plot the relative intensity difference (AI/I) caused
by a 50 pm displacement and a 200 pm displacement
of the fiber tip. We note that the amplitude sensitiv-
ity of the regular multimode fiber sensor is approx-
imately constant in the whole spectral range, while
the amplitude sensitivity of the Bragg fiber increases
significantly when operating in the vicinity of a
bandgap edge. In fact, at the edge or outside of the
reflector bandgap, the Bragg-fiber-based sensor be-
comes more sensitive than the regular multimode-
fiber-based sensor.

As explained earlier, in the vicinity of a reflector
bandgap, the multilayer reflector of the Bragg fiber
acts as an efficient mode stripper that allows scatter-
ing of the higher-order cladding modes excited by the
bend. Unfortunately, we also have to note that in the
bandgap vicinity, the propagation loss of the Bragg
fibers becomes high, which leads to a significant sig-
nal-to-noise degradation for wavelength longer than
550 nm [see Figs. 4(a) and 4(b)]. Therefore, when
choosing the optimal sensing wavelength at the
bandgap edge, one faces a trade-off between the en-
hanced sensitivity and decreased signal-to-noise ra-
tio. Besides, comparison between Figs. 4(a) and 4(b)
also suggests that the Bragg fiber sensor becomes
more sensitive than the regular multimode fiber sen-
sor, regardless of the operation wavelength, when
dealing with larger displacements. Thus, in Fig. 4(c),
we present the relative change in the total transmit-
ted intensity through the fiber as a function of the
fiber displacement. Particularly, when the fiber tip
is displaced by d, the relative change in the total fiber
intensity 6 is defined as

8(d) = Y10 -10.d)] /Y 1.0, (D
i A

where I(4, 0) refers to the wavelength-sensitive out-
put intensity of the fiber with no bending, I(4,d) is
the output intensity of the fiber displaced by d,
and 1 is the wavelength. From Fig. 4(c), it is apparent
that when the displacement of the fiber is larger than
150 pm, the Bragg fiber sensor becomes more sensi-
tive than the multimode fiber sensor.

In order to estimate amplitude sensitivity S of the
Bragg-fiber-based sensor, we use the following defini-
tion: S(1) = (dI(4,06)/06|,-0)/I(A,0), where 6 can be
either the displacement or the curvature of a fiber
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[28]. From the data in Fig. 4, we estimate that the
sensitivity of the Bragg-fiber-based sensor at the
bandgap edge (550 nm) is ~18.4 (1/mm)~! for bend-
ing curvature sensing and is ~3.3 mm™! for displace-
ment sensing, while the corresponding sensitivities
of the multimode fiber are ~15.5 (1/mm)~! and
~2.8 mm™!, respectively. The sensitivity of the
Bragg-fiber-based bending sensor becomes signifi-
cantly larger than that of standard multimode fibers
when operating at longer wavelengths (550—600 nm),
or for stronger displacements of the fiber tip
(>100 pm). Assuming that 1% change in the ampli-
tude of reflected light can be detected reliably, the
bending and displacement detection limits of the
Bragg fiber sensor are ~5 x 10™* (1/mm) and ~3 pm,
respectively. Currently, we are working with the
SENSORICA group to integrate Bragg fibers into
their “MOSQUITO” bending sensor platform [24].
In this configuration, the Bragg fiber is integrated
with a small LED source, a micro-beam splitter, and
a micro-photodiode detector, to result in a highly
compact bending sensor.

Finally, we would like to discuss how thermal var-
iations would affect the performance of the Bragg fi-
ber bending sensor. We first note that as the glass
transition temperature (7,) of PS and PMMA is in
the range of 75°C-110°C [29,30], the Bragg fiber sen-
sor cannot be used in high-temperature environ-
ments. Below T, an increase in temperature
would lead to both thermal expansion and refrac-
tive-index changes of fiber materials, thus resulting
in spectral shifts and shape change of the Bragg fiber
bandgap. In order to evaluate the effects of temper-
ature change on the fiber transmission spectrum, we,
therefore, perform a transfer matrix method (TMM)-
based simulation [31] to calculate the normalized
transmission spectra of the fundamental HE;;
mode in an 8-cm-long Bragg fiber. The temperature-
dependent refractive index of PMMA and PS can be
found in [29,30]. The linear thermal-expansion coef-
ficient is 7 x 107 m/m - °C for PMMA [32] and 9 x
10~ m/m - °C for PS [33]. The thicknesses of individ-
ual layers in the Bragg reflector, measured from the
microscopic graphs, are 240 nm for PMMA and
270 nm for PS. The absorption coefficients of the fiber
materials are measured experimentally. The simu-
lated transmission spectra of the Bragg fiber at
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Fig. 5. (a) Simulated transmission spectra of the fundamental
HE;; mode of the Bragg fiber used in experiments at 25°C and
70°C. (b) Spectral position of the bandgap center at various oper-
ation temperatures.
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different temperatures are shown in Fig. 5(a). For
simplicity, we only show results for the fundamental
HE; mode of a fiber into which most of the power
(>90%) is coupled at the fiber input end.

Figure 5(a) suggests that the Bragg fiber bandgap
shows a red shift as the temperature increases. In
Fig. 5(b), we observe that this spectral shift has a lin-
ear dependence on the surrounding temperature and
that a 1°C increment in temperature would shift the
bandgap position by ~22 pm. We note that in the
middle of a bandgap, the effect of the temperature
fluctuations on the transmission amplitude is mini-
mal. Thus, in the whole 25-70°C range, the intensity
change at the bandgap center is less than 1%. How-
ever, intensity variations at the bandgap edge can be
more pronounced. From our simulations, we esti-
mate the amplitude sensitivity to temperature varia-
tions to be ~1 x 10~4/°C at the bandgap center, and
~2.0 x 1073 /°C at the bandgap edge (around 500 nm).
To put these numbers into a perspective, while oper-
ating at the bandgap edge (in order to increase the
sensor sensitivity), the sensor stability range of
temperatures is estimated to be 5°C, which would
guarantee power fluctuations less than 1%.

4. Conclusions

In conclusion, we demonstrate a bending/displace-
ment fiber-optic sensor based on the all-polymer
photonic bandgap Bragg fibers. We find that when
operated at the edge of a fiber bandgap, the
Bragg-fiber-based sensor is more sensitive to bend-
ing as compared to the sensor that uses a regular
multimode fiber of comparable diameter. The sensi-
tivity of the Bragg-fiber-based bending sensor can be-
come significantly larger than that of a standard
multimode-fiber-based sensor when operating at a
wavelength outside of the bandgap, or for stronger
displacements of the fiber tip (>100 pm). This is
due to action of an efficient mode stripper in the form
of a multilayer reflector that is present in the Bragg
fiber. Displacements as small as 3 pm and bending
radii as large as 1 m can be detected with the
Bragg-fiber-based sensor. Finally, we also study
how temperature variations would affect the perfor-
mance of the Bragg-fiber-based bending sensor and
estimate that temperature variations of 5°C result
in power variation of 1%, which has to be taken
into account when operating at the limit of sensor
sensitivity.

We thank Prof. Takaaki Ishigure from Keio Uni-
versity for hosting Prof. M. Skorobogatiy during
his JSPS-sponsored research stay in Japan. During
this stay, we performed extensive characterization of
plastic Bragg fibers, which we used in this work.
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