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Directional Force Measurement Using Specialized
Single-Mode Polarization-Maintaining Fibers

Mohammad Karimi, Frederic Surre, Tong Sun, Kenneth T. V. Grattan, W. Margulis, and P. Fonjallaz

Abstract—Two different types of specialist single-mode polariza-
tion-maintaining side-hole(s) fibers have been specifically chosen
in this paper for the direct measurement of transverse force, and
their performance characteristics have been recorded and cross
compared. To achieve this, side-hole fibers have been used which
were investigated both theoretically and experimentally for their
respective pressure sensitivities as a function of rotation angles and
magnitudes of the applied external force. The experimental results
obtained have shown good agreement with theoretical predictions
for situations where an external force applied was within a certain
range. It was thus concluded that the pressure measurement sen-
sitivities of these specialist fibers are strongly dependent upon the
direction of the force applied (with reference to the fast or slow axis
of the fibers). Therefore, devices based on these fibers can be used
effectively as sensors for the measurement of pressure, force, and
mass of an object through an appropriate device configuration, en-
abling measurements over a wide range and in real time.

Index Terms—Fiber-optic sensor, polarization-maintaining
fiber, pressure measurement sensitivity, side-hole fiber, transverse
force.

I. INTRODUCTION

IBER-OPTIC sensors have been intensively developed

over the last three decades [1]-[4], incorporating novelty
both in fiber structural design and in the sensing mechanisms
used. They have shown advantages over conventional sensors,
such as being of small size, showing immunity to electro-
magnetic interference and resistance to chemical attack, thus
showing potential for a breadth of industrial and other practical
applications [5]. Pressure is considered to be the second most
important physical parameter that is successfully addressed by
using optical fiber sensors (OFSs). It was reported that pressure
OFSs have gained new market shares in the last five years pri-
marily due to their newly commercialized medical disposable
sensors [6]. Among these, high birefringence optical fibers were
the most widely investigated fiber candidates for the develop-
ment of fiber-optic pressure sensors due to their polarization
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Fig. 1. (a) One-hole high-birefringence fiber that has a hole diameter b; of
30 #m and the distance between the right edge of the core to the left edge of the
hole d; is 9 gm. (b) Two-hole high-birefringence fiber that has two holes with
the same diameter b, of 27 yem and the distance between the right edge of the
core to the left edge of the hole on the right d» is 14 gm.

characteristics being dependent on the force or pressure applied
to these fibers. There are different types of high-birefringence
optical fibers, such as elliptical core, elliptical inner cladding,
bow-tie, and panda fibers, which are commercially available
and have been widely investigated across the community for
different sensor applications. Fiels et al. [7] were the first to
use fiber optics to measure the hydrostatic pressure, but the
first studies on polarimetric (PM) pressure sensitivity were un-
dertaken by Xi ef al. [8]. This was followed by more extensive
research in the field using a variety of PM fibers with different
cores and cladding shapes and sizes [9], [10]. This paper has
been focused on the discussions of the phase-based pressure
sensor technique. There have been some other reports showing
intensity-based technique, such as [11], which reported that the
lateral pressure sensitivity of PM fibers is dependent on the
magnitude and angle of external transverse forces theoretically
and supported by one directional measurement data.

Regarding the cross sensitivity to the other parameters, such
as temperature, [12] has shown that such a sensor is not depen-
dent on temperature variation and this conclusion was further
confirmed by Wierza et al. [13] after the transverse force was
applied, respectively, in the direction of fast and slow axis of a
two-hole fiber. This paper, however, aims to undertake a more
thorough investigation, coupled with an appropriate theoretical
analysis, to evaluate the lateral pressure sensitivity of two types
of side-hole(s) fibers, shown in Fig. 1, as a function of the angle
and magnitude of the external transverse force applied and thus
to cross compare the results obtained from these two different
structured side-hole fibers and thus evaluate their potential for
sensor applications.

These two specialist fibers have been designed, fabricated,
and supplied by Acreo AB in Sweden. Both types of fibers have
the cladding diameters of 125 pym (¢; = ¢o = 125 pm) and



Fig.2. Schematic diagram of the experimental setup of the PM fiber with force
applied (4 is the angle between the applied force and the slow axis x of the fiber).

core diameters of 8.7 um (a1 = a2 = 8.7 pm). The one-hole
fiber as shown in Fig. 1(a) has a hole diameter b; of 30 gzm and
the distance between the right edge of the core to the left edge of
the hole d; is 9 pm. The two-hole fiber shown in Fig. 1(b) has
a hole diameter b, of 27 pxm and the distance between the right
edge of the core to the left edge of the hole on the right da is
14 pm. The inclusion of holes in the fiber structures is intended
to change the stress distribution inside the fibers; therefore, these
side-hole fibers are expected to exhibit high sensitivity to the
perturbation, which may arise from variations in temperature,
twist, strain, stress, or pressure.

II. THEORY

Polarization coupling in a birefringent fiber is related to the
perturbation, applied perpendicular to the fiber axis as shown in
Fig. 2, and such perturbation causes a conversion between the
two polarization modes inside the birefringent fiber [13]. In fact,
the phase difference between the two polarization modes H E{;
and H EY, propagating in a birefringent fiber A is related to
the applied pressure or transverse force through the change of
differences between the propagation constants of polarization
modes over a fiber length /, which can be expressed as fol-
lows [3]:

Ap = (AB — Apo) )

where Afy is the difference between the propagation con-

stants of polarization modes when there is no force and A/ rep-

resents the difference between the propagation constants of po-

larization modes when a force is applied on a fiber unit segment,
which is given by [4]

ABV(Nip — Nag) + |2N12|2 2

where V11, Nas, and Nio represent different coupling coeffi-
cients described in the following equations [1], [2]:

17V11 — N22 = 277.{ |:B -C (g) COS(QH):| (3)
Nig = Noyy = _§C (g) sin(26) (4)

where C is the photoelastic constant, B is the modal birefrin-
gence of the fiber itself, and § is the angle between the applied
force and the slow axis of the fiber as illustrated in Fig. 2. f is
the amount of force /" applied in a direction which is vertical to
the fiber axis per unit length of fiber, which is given by (5)

f=F/ 5)

By combining (2), (3), and (4), A can be modified as (6) at
the bottom of the page. Based on (5) and (6), (1) can thus be
modified to be as (7), shown at the bottom of the page, where
Afy = (27)/(A)IB. When the PM fiber is used for pressure
measurement, the sensitivity can thus be defined as the change
of phase difference per unit applying force per unit length, as
shown in [14]
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This pressure sensitivity can be analyzed using Jones matrix
algebra [4]. The sensitivity of a PM pressure sensor is depen-
dent on the degree of polarization rotation angle introduced by a
particular measurand, and it represents the minimum detectable
pressure change as a function of rotation angle. The influence of
a measurand on the polarization state can be calculated and the
intensity detected after a polarization analyzer can be described

by [4].

K ®)

1
I= 50(1 + cos Ap) ©)]
where I is the maximum output power. Therefore, the change
in polarization will be observed as a change of signal intensity
after the analyzer, producing a sinusoidal signal.

III. EXPERIMENTAL SETUP

An experimental setup used in this study for pressure mea-
surement using a PM fiber is shown schematically in Fig. 3.
The light source is a single-mode laser with an output power
of 10 mW at a wavelength of 1550 nm. The light is launched
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Fig. 3. Schematic diagram of the experimental setup of the pressure sensor
system using a PM side-hole fiber.

into a PM fiber through a polarization controller that is used
to achieve azimuthal control of the polarization of the light be-
fore entering the PM fiber. The polarization state of the light
entering the fiber was adjusted to give equal intensity of light
in each eigenmode of the sensing fiber. An in-line polarizer is
fusion spliced in front of a high birefringent sensing fiber.

The intensity of the light, after traveling through the bire-
fringent section of the fiber and the polarizing analyzer at the
fiber output, is measured by a digital power meter. In order to
apply pressure/force in different directions, two fiber rotators
were used to allow a resolution of 5° in the change of rotation.
As illustrated in Fig. 2, a PM side-hole fiber was sandwiched
between two parallel plates with two additional “dummy” fibers
(physically the same size carrying an optical signal) used as well
to allow the plates to remain parallel when the force is applied,
preventing the sensor fiber from twisting and the top plate from
rocking.

The sensing length used was 45 mm and the PM fiber was
loaded by applying a calibrated mass on the lever and measure-
ments were undertaken, showing the intensity of the signal as a
function of rotation angle of the fiber and the magnitude of the
force applied.

Based on (8), the pressure sensitivity of the PM fiber can thus
be obtained when the force is applied in different directions,
this forming the basis of the sensor. As explained in Section II,
a perturbation can cause polarization-mode coupling variation,
which, therefore, can result in a change in the phase difference
of the polarization modes. As a result, the phase change can be
easily detected by monitoring the change in the output signal
intensity.

IV. EXPERIMENTAL RESULTS

Fig. 4 shows the phase differences obtained over a sensing
length of the fibers and a cross comparison was made between
the two sets of experimental data obtained and of the theoretical
data obtained by using (7), when both types of side-hole fibers
were subjected to different loads at different angles. The phase
differences have shown to increase with the increase of applied
load and when the angle of applied force in relation to the slow
axis of the fiber increases, the change of the phase differences
becomes more dramatic, indicating different sensitivities when
the fibers are used for pressure measurements. For both types of
fibers, a maximum sensitivity can be achieved when the force
is applied at 90° in relation to the fiber slow axis. The experi-
ments have also confirmed that the sensitivity of these special-
ized pressure sensors is independent of the fiber length and of
the axial location of the force along the fiber length compared
to the other sensors [11]. This makes the sensors more suitable
for distributed force measurement.
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Fig. 4. Comparison of experimental and theoretical phase differences of the

PM fibers when force is applied at different angles in relation to the slow axis
of the (a) one-hole fiber and (b) two-hole fiber.

Fig. 4(a) shows the results obtained from the one-hole fiber,
when it was, respectively, subjected to different loads at various
angles of 0°, 30°, 60°, and 90°. It can be seen that when the
applied force is lower than 50 N, there is a good agreement be-
tween the experimental and theoretical data for 30°, 60°, and
90°, but this is not seen for 0°. When the force applied is in-
creased, there is an increasing discrepancy between the theoret-
ical and experimental data. This disagreement arises from the
assumption in theory that the hole(s) is/are not distorted under
the pressure, which is true when the applied force is within a
certain range. Therefore, the theory should be valid before the
shape of the hole(s) and the cladding starts to change.

As a result, the assumption of the theory used in (1)—(8) will
no longer be completely valid. This phenomenon can also be
seen for the situation when 8 is zero, i.e., the direction of the
applied force is along the slow axis. Even when a small force
is applied, the assumption of a circular hole used for the theory
does not hold, and therefore, the agreement between theory and
experimental data seen elsewhere is lost. Similar results have
been observed for two-hole fibers in Fig. 4(b), when the force
is applied at different angles and again within a limited range,
there is agreement between theory and experimental data when
the angels are 30°, 60°, and 90°, but not at an angle of 0°. Also,
for both fibers, the increase of rotation angle enables the sensing
range to be shortened and compared to the situation for the two-
hole fiber, revealing that the sensing range of one-hole fiber is
much wider.
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Fig. 5. Sensitivity as a function of rotational angle for (a) one-hole and (b) two-
hole fibers.

Fig. 5 summarizes the sensitivity trend for one-hole and two-
hole fibers, respectively, when the angle of the applied force
varies. The solid square symbols in Fig. 5 show the sensitivities
obtained from experimental data and the short lines show the
results obtained from theory. As explained previously, when the
force is applied along the fiber slow axis, there is a mismatch
between the theory and experiments, due to the assumptions
in the theory which then become invalid. However, when the
rotation angle is at either 30°, 60°, or 90°, agreement is seen
especially when the force applied is within a specific range and
especially when the rotation angle approaches 90°.

In light of the aforementioned results obtained, it can be con-
cluded that in the design of an optimized sensor device using
such fibers, there is a compromise that can be struck between
the sensitivity and the sensing range. Compared to the two-hole
fiber, one-hole fiber has demonstrated wider sensing range, but
smaller sensitivity when they are subjected to the same condi-
tions. This will have implications for practical applications of
the technique when these fibers are used for directional pressure
measurements. Compared to the other phase-based techniques
reported, these two sensors have demonstrated wider sensing
ranges [14].

V. CONCLUSION

In this paper, a series of experimental tests has been under-
taken to evaluate the performance of two types of side-hole
fibers when they are subjected to various loads at different ori-
entations with a view to designing an optimized sensor system.
To support this, a detailed theoretical analysis has also been car-
ried out and comparisons made between theory and experiment.

As aresult, it has been shown that the lateral pressure sensitivity
of both one- and two-hole fibers has been successfully obtained
and cross compared with the results from the theory, from which
it was confirmed that to optimize the design of a device based on
this effect in these fibers, a “tradeoff” between the sensing range
and sensing sensitivity is seen. Thus, different designs can be
proposed for different situations. The results further have shown
that there is good agreement between the experimental data and
the theoretical analysis when the applied force lies within a cer-
tain specific range and when the direction of applied force is
further away from the slow axis. This is due to the fact that
in the theory, an assumption has been made that the holes in
the fibers remain fully circular, even when the force is applied
to the fibers, and experimentally it is known that this does not
hold. An important conclusion is that these theoretical and ex-
perimental results obtained can form an effective foundation for
employing these side-hole fibers as OFSs for real-time pressure
measurements. On-going research aims to understand better the
optimization of such sensors and creating correct specifications
for different sensing situations.
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