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Photonic Crystal Fiber Interferometric Force Sensor

Joel Villatoro, Vladimir P. Minkovich, Member, IEEE, and Joseba Zubia

Abstract— A compellingly simple force sensor based on a
photonic crystal fiber (PCF) mode interferometer is presented.
A mechanical piece with grooves is used to convert the external
force in localized pressure on the sensitive part of the
interferometer. The localized pressure on the PCF causes attenu-
ation losses to the interfering modes and makes the interference
pattern to shrink. The changes of the interference pattern are
quantified by means of Fourier transformation. In the sensing
architecture here proposed, temperature or power fluctuations
of the light source do not affect the measurement.

Index Terms—Photonic crystal fiber interferometers, optical
fiber sensors, mode interferometers, force sensor, pressure sensor.

I. INTRODUCTION

ENSING or monitoring physical parameters with
S optical fibers has important advantages which include high
sensitivity, compactness, and immunity to electromagnetic
interference, among others. Force sensing, for example, is
important in medical and/or industrial applications as it can
provide tactile or touch information. For such applications,
force sensors as simple as possible and with miniature size
are crucial since they are embedded inside instruments,
devices or mechanical pieces.

So far, several approaches had been proposed to sense force
with optical fibers. Most of them exploit either fiber Bragg
gratings (FBGs) [1]-[4], interferometry [5]-[7] or intensity
changes [8]-[10]. The main disadvantages of such sensors are
the high cost of FBG interrogators, the intrinsic ambiguity of
phase shift measurements, or the dependence to uncontrollable
disturbances (e.g. temperature or power fluctuations, attenua-
tion losses, etc.). All these factors limit the applications of
current fiber optic force sensors.

In this letter, we report on a force sensor based on a photonic
crystal fiber (PCF) mode interferometer which is described
in detailed elsewhere [11], [12]. Force on the interferometer
is applied with two metal plates, one has a single or two
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Fig. 1. (a) Drawing of a photonic crystal fiber (PCF) mode interferometer.
L¢ is the length of PCF. The micrograph shows the cross section of the
PCF used in the experiments. (b) Schematic representation of the front and
lateral views of two configurations to measure force. SF and RF are, respec-
tively, sensing and reference fiber. Lp is the length of contact on the PCF.
(c) The interrogation of the interferometer is carried out with conventional
single-mode optical fiber (SMF), a broadband light source (LS), a fiber optic
circulator or coupler (FOC), and a detector.

grooves and the other is smooth or has a V-groove to partially
embed the PCF, see Fig. 1. In our configuration, the external
force on the metal pieces is converted in localized pressure
on the sensitive part of interferometer. The localized pressure
on the photonic fiber induces stress and strain in the same,
as a consequence, the intensity and propagation constant of
the interfering modes change [13], [14]. As a result, the
interference pattern shifts and shrinks. To convert the changes
experienced by the interference pattern into physical force on
the device we use Fourier transformation. The advantages of
our configuration include simplicity and the fact that tempera-
ture or fluctuations of the optical source have no affect on the
measurements.

II. DESIGN FOR FORCE SENSING

The PCF mode interferometer used in this letter is
compellingly simple; its schematic diagram is shown in Fig. 1.
The fabrication of such interferometers has been reported
elsewhere [11]. Basically, it consists of fusion splicing a
short section of PCF with conventional single mode optical
fiber (SMF). In our case, a home-made index-guiding PCF,
whose details and modal properties are described in detail
in [15], was used. To achieve a mode interferometer the
voids of the PCF are completely sealed over a microscopic
length during the splicing process. The zones of the PCF with
collapsed voids in the PCF-SMF junctions allow the efficient
excitation and recombination of two core modes [11].

The transfer function of our interferometers can be
expressed by a simple mathematical equation:

[ =1+ I + 2(I1 ) /*Cos(A¢), (1)

where I; and I, are the intensities of the two interfering
modes and A¢ is the phase difference between the modes.
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Fig. 2.  Reflection spectra at different forces observed in a 3.7 cm-long
PCF interferometer when it was pressed with a serrated and flat plate (a) or
with a serrated plate and one with a V-groove (b). The separation between
the grooves was 7.5 mm and Lp was 1 mm.
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Fig. 3. Schematic representation of two configurations to measure force
with a PCF interferometer. (a) The fiber is pressed with flat rigid mechanical
pieces. (b) The fiber is pressed into a V groove. The forces acting on the fiber
are Fy, the applied force, F; and F;, the reaction forces of the mechanical
pieces.

The phase difference depends on the length of PCF (L),
the effective refractive index of the interfering modes, and
also on the wavelength of the optical source [11]. Thus, the
interference pattern of our PCF mode interferometer exhibits a
series of maxima and minima, see Fig. 2. If the interferometer
is pressed with serrated pieces or into a V groove then the
interference pattern shrinks and shifts remarkably. The shift of
the interference pattern or the changes of the fringe contrast
(expressed in dB), i.e., the difference between the maxima and
minima are easy to detect and quantify [12].

To understand the behavior of our device in Fig. 3 we repre-
sent schematically the forces that act on the PCF. An external
force (Fp) applied perpendicular to the PCF axis induces
stress, defined as Fyg/A, where A is the area of the fiber that
experiences the external force [13]. As a consequence, the
PCF experiences transversal and axial strain [13], [14]. Stress
and strain on the PCF modify the intensity and the effective
indices of the interfering modes, hence A¢. For this reason
the interference pattern shifts and shrinks. To quantify the
variation of A¢ and/or I and I, as a function of stress and
strain one needs to know the elastic moduli of the material
that coats and compose the PCF as well as the Poisson ratio
and the Young’s modulus of such materials. Such calculations
are beyond the scope of the present letter. However, it is
not difficult to see that if the number of grooves increases
then the area of the fiber that experiences the external force
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Fig. 4. FFT amplitude versus frequency and reflection spectra (inset)
observed in an interferometer without attenuation (solid line), attenuated by
3 dB (dashed line) and 10 dB (dotted line). Ly was 3.7 cm, Lp was 1 mm,
and the external force was 0 N.

will increase. As a result, the stress induced on the fiber will
diminish.

It is easy to monitor changes of fringe contrast (or visibility)
of interference patterns. In fact several research groups have
demonstrated sensors based on this concept, see for example,
[10], [12], [16]-[18]. However, when one measures the fringe
contrast of an interference pattern, the uncertainty increases
as the minima approach the floor noise of the detector or
spectrum analyzer. This is particularly critical, for example, in
a situation of huge attenuation losses. As the light source used
to interrogate our sensors is typically a low-power LED, thus,
huge losses may be taken into account. Thus, we did some
simple experiments to overcome the aforementioned situation
that are summarized in Fig. 4. We intentionally induced huge
attenuation losses and observed the interference patterns. It can
be seen from the figure that the interference pattern preserves
its well-defined shape for losses below 10 dB. However, for
higher losses the minima of the interference pattern are noisy
which introduce errors when one finds the position of the
minima; hence the fringe contrast.

As an alternative to measure fringe contrast, and therefore,
an external stimulus on the interferometer, here we propose
to measure the amplitude of the fast Fourier transform (FFT)
of the interference patterns. For example, in Fig. 4 we show
the amplitude of the FFT as a function of frequency. The FFT
was calculated with the spectra shown in the inset of Fig. 4
which were obtained when the interferometer was subjected to
a force of 0 N. It can be noted that the amplitude of the FFT
is not affected by a noisy interference pattern which suggests
that more accurate sensing can be carried out if one monitors
the FFT of the interference patterns.

We next demonstrate two concepts for force sensing.

III. ACCURATE FORCE SENSING

Our PCF interferometer was pressed with a flat and a
serrated mechanical piece with two grooves (L, = 1 mm)
separated 7.5 mm) or into a V groove see Fig. 3. The reflection
spectrum for each applied force was collected and the FFT was
calculated.
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Fig. 5. Peak value of the FFT amplitude as a function of force observed in a
3.7 cm-long interferometer. The inset shows the FFT amplitude as a function
of frequency at three different forces. The device was pressed with a plate
with two grooves separated 7.5 mm and Lp was 1 mm.

Figure 5 shows the peak value of the fundamental
frequency (FF) of the FFT as a function of force measured
at different temperatures. The results shown in Fig. 5 were
obtained with the configuration depicted in Fig. 3(a). The
inset of Fig. 5 shows the FFT amplitude as a function of
frequency. The fundamental frequency (the highest peak) is
located at 1/P, where P is the period of the interference
pattern. It is interesting to note that the behavior of the
device is not affected by temperature changes, at least in the
25-100 °C range. The reason of this behavior is due to the fact
that temperature does not affect the intensity of the interfering
modes, hence, the fringe contrast of the interference pattern,
and consequently, the peak value of the FFT. We did not carry
out measurements at higher temperatures because the polymer
that protected our PCF cannot withstand elevated temperatures.
However, it is possible to coat PCFs with polymers that have
higher operating temperature range. Some acrylates, silicone,
or polyimide, for example, can resist temperatures up to
150 or 400 °C [19]-[21], and gold coatings can withstand
temperatures up to 800 °C [22]. The protecting coating of the
PCF does not affect the interfering modes neither the fringe
contrast of the interferometer. Thus, it seems feasible to tailor
the operating temperature range of the PCF interferometers
here proposed.

Due to the short segment of the PCF needed to build
the interferometer, the influence of the number of grooves
on the performance of the same could not be investigated.
However, it is not difficult to see that a large number of
grooves will increase the area of the PCF that is contact with
the mechanical piece. Consequently, the stress and strain on
the PCF will diminish and the shift or visibility changes of the
interference pattern will be less prominent. Thus, pressing the
interferometer with mechanical pieces with a large number of
grooves will result in low force sensitivity.

In another experiment we pressed our interferometer with
a plate with one groove (L, = 2 mm) when the device was
semi-embedded on a plate with a V-groove, see Fig. 3(b). Our
results are summarized in Fig. 6. As expected the changes
of peak value of the FF (~1.3 per N) are more prominent
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Fig. 6. Peak of the FFT ampitude as a function force on a 3.7 cm-long
interferometer. The inset shows the FFT amplitude at different forces. The
interferometer was compressed with a 2 mm-wide groove plate and other
with a V groove.

because the stress on the PCF is higher as the external force
is concentrated in a smaller area. If changes of 0.1 of the peak
value of the FF can be detected, then our device is capable
of resolving forces of 0.06 N. Higher force sensitivity and
resolution can be achieved by reducing the value of L, but
a very narrow groove may cause permanent damage to the
device.

The results shown in Figs. 5 and 6 demonstrate the
versatility and flexibility of the sensing configuration here
reported. They suggest that the measuring range and/or
sensitivity of our device can be adjusted with the width of
the grooves or with the number of grooves.

IV. CONCLUSIONS

A mode interferometer comprising a few centimeters of
PCF fusion spliced at the distal end of a standard single mode
fiber and pressed with a simple serrated mechanical piece
was proposed for lateral force sensing. In our configuration
the external force on the device introduces changes to the
interference pattern which can be quantified by means of
Fourier transformation. We believe that with minor modifica-
tions our device is suitable to sense other physical parameters
that can be converted to lateral force (e.g. load, pressure,
impact, etc.).

The main advantage of the configuration here proposed
are: i) compactness; as only a few centimeters of PCF are
necessary to fabricate the devices, ii) simplicity; since to
monitor changes of the interference pattern a low-power LED
and a low-resolution OSA are required, and iii) immunity
to temperature and to noise induced by power variations of
the optical source or attenuation in the optical fibers and/or
connectors. We believe that all these advantages along with
the versatility of the sensing architecture are attractive for the
development of highly-functional fiber optic sensors.
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