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Abstract

A new liquid-level sensor with a multipoint layout is presented, which is based on power loss arising in laterally polished bent sections prepared
along a plastic optical fibre. The polishing is applied to the fibre surface on top of several U-shaped bends until part of the core is also removed.
The resultant bare flat area on the core is an elliptic surface in direct contact with the medium surrounding the fibre. Any variation in the optical and
geometric parameters characterising our multimode fibre is analysed, since it will cause changes in the propagation of light along the polished bends.
Experimental results included in the paper correspond to the prototype for our sensor, which consists of eight sensing probes placed sequentially
along the fibre, in combination with an optoelectronic unit working as a liquid-level transducer.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

When an optical fibre is bent, light power is attenuated due to
radiation loss along the bend. This loss depends on the charac-
teristics of the fibre, on the curvature radius and on the external
medium in contact with the bent section. The resultant increase
in attenuation is a problem for optical telecommunications, but
it may be useful in fibre-optical sensing technology. In effect,
bending losses constitute the basis of many optical sensors, due
to the great sensitivity achieved to detect variations in the sur-
rounding medium. Numerous sensors of this type have been
carried out for the measurement of acoustic waves [1], breathing
[2], liquid refractive index [3,4], angular motion in robot arms
[5], humidity [6-8] and displacement [9]. In general, the optical
fibre employed is either a glass one or a plastic one (POF). For
low-cost sensing systems, POFs are especially advantageous due
to their excellent flexibility, easy manipulation, great numerical
aperture, large diameter, and the fact that plastic is able to with-
stand smaller bend radii than glass. Besides, POFs are suitable
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for short-distance data transmission in any environment such as
industrial ones [10].

Measurement of liquid level has traditionally attracted a great
interest, giving rise to the development of numerous set-ups
based on different principles, such as radiation loss. Accord-
ingly, numerous studies have been carried out to determine
power loss caused by bent sections in single-mode [11,12] and
in multimode fibres [13-19]. The former fibre type requires
application of electromagnetic modal theory and adoption of
simplified approaches. In the case of multimode fibres, if the
fibre radius is large enough, modal theory can be replaced by
geometric optics, obtaining a good approximation to the exact
results.

In this paper, we present a multipoint measurement method
for the determination of liquid level, on the basis of radiation
loss in a laterally polished bent multimode step-index POF. The
advantage of using POFs is that the properties of POFs that have
increased their popularity and competitiveness for telecommu-
nications are exactly those that are important for optical sensors
based on optical fibres [10]. Moreover, optical sensors, such as
the liquid-level sensor analysed in this paper, can be employed
in dangerous environments, where sparking must be avoided
[4]. Because of the advantages of optical sensors, POF sensors
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of different types have already been proposed. Although tech-
niques to achieve an enhanced interaction with measurands at
the fibre’s core—cladding interface, such as tapering [10], have
already been proposed, an advantage of our sensor is that it is
simpler to manufacture than those using tapers (reductions in
the fibre diameter along a short distance). As a matter of fact,
we have usually had difficulties for the fibre not to break when
trying to make a taper. On the other hand, other liquid-level
sensors based on total internal reflection, such as those using
a 60°-angled prism, yield low extinction ratios (0.38 dB in the
case of a 60°-angled prism to detect the presence of water, the
extinction ratio being the difference between the attenuations
obtained with and without water [4]). However, the sensor pro-
posed in this paper yields an extinction ratio of about 0.55 dB
and it is also easy to manufacture. It is based on polishing the
tip of a bent POF, in such a way that part of the core is also
removed and the resultant surface is in direct contact with the
outer medium (liquid or air). The incidence angles of the rays are
reduced due to the polishing, thus facilitating radiation loss in
the bend. The chosen bend radius is 5 mm, since with a smaller
one the POF could break, and with a slightly larger one there
would be smaller dependence of bending losses on the outer
refractive index in the presence of a finite cladding thickness
[19]. Besides, high losses due to tight bends would reduce the
number of sensing sections that could be employed in the same
fibre, for a multilevel liquid sensor. In addition, a much larger
radius would not yield significant radiation losses. Power loss
is experimentally and computationally analysed as a function of
the polishing depth in the bent section. In addition, the perfor-
mance of a set-up with eight sensing probes in the shape of U
with similar bend radii is described. Thanks to the flexibility of
POFs, the possible range of liquid heights that can be measured
is variable, from 1 mm to several meters, with very high accu-
racy and resolution. A low-cost sensor prototype using an LED
and a PIN photodiode, with the corresponding optoelectronic
circuit, is presented and discussed.

2. Principle of the sensor’s performance

The basic principle of the sensor is the variation achieved in
the light intensity coming out of a bent multimode optical fibre
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when the outer medium surrounding the bend changes, the sen-
sitivity being greater if the bend has been previously polished,
as will be explained later. Let us first consider the behaviour of a
bent POF stripped of its jacket and immersed in water. In such a
case, the outer refractive index is 1.333. The total attenuation in
the bend can be calculated by means of the ray tracing method
[11], by treating light as rays. Each one is assigned a certain
amount of power at the entrance of the bend, depending on the
input point and direction, in accordance to the characteristics
of the light source. To illustrate the effect of the cladding, we
will analyse the geometry shown in Fig. 1a. It corresponds to a
typical step-index PMMA POF whose core diameter is 980 pm
and the cladding thickness is 10 wm (the figure has not been
plotted to scale, for the sake of clarity). Since rays refracted
into the cladding at the core—cladding interface will find a step
in the refractive index at the cladding—water interface, many
of them will return to the core again, making the same angle
o with the normal to the core—cladding interface as the inci-
dent ray. Moreover, the minimum angle « below which a ray is
finally refracted into the water (critical angle «) turns out to be
the same as if we only had core and water, without cladding,
i.e., ¢ = arcsin(Ayater/Mcore)- Therefore, when calculating atten-
uation by means of the ray tracing method, the thin transparent
cladding can be omitted to a first approach, since the re-entrance
point into the cladding is close to the previous exit point and the
corresponding perturbation in the attenuation that this approach
may cause tends to be statistically compensated when many
thousands of rays are launched. On the other hand, in the pres-
ence of a jacket (Fig. 1b), any ray entering the cladding would
be lost, since it would be absorbed by the black jacket, unless a
thin layer of water were present between the cladding and the
jacket. This hypothetical case will prove to be of interest later
in this paper.

For our sensor, the bend radius is 5 mm, as discussed in the
introduction from the points of view of manufacture and of radi-
ation loss. With this radius, the attenuation is high enough for
the outer refractive index to have a significant influence on bend-
ing loss [19]. Specifically, in Fig. 2 we show the attenuation for
different radii of curvature in a POF stripped of its jacket, which
has been bent in the shape of a U and polished on top of the bend.
Attenuation is plotted as a function of the polishing depth from

WATER 1

Fig. 1. (a) A ray reflected at the cladding—water interface re-enters the core at the same angle « as the incidence angle at the core—cladding interface; for refraction
to occur towards the water: « < o = arcsin(nyater/Mcore)- (b) In jacketed fibres, a hypothetical presence of a thin layer of water between the cladding and the jacket
would lead to similar radiation losses as in (a), since the black jacket hardly reflects light.
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Fig. 2. Attenuation for different radii of curvature in a POF stripped of its jacket
and immersed in water. The POF has been bent in the shape of a U and polished
on top of the bend.

the core—cladding interface. This figure corresponds to a typical
I mm diameter 0.5 numerical-aperture step-index PMMA POF,
whose core refractive index is 1.492, when immersed in water.
It has been computationally calculated by means of the ray trac-
ing method, employing the approach for the cladding described
in Fig. la, and adopting the approximated values 1 and O for
the Fresnel transmission coefficient below and above the critical
angle respectively. The light source is a collimated beam of rays
occupying the whole input surface of the bend. The bend radius
R refers to that of the fibre symmetry axis. In jacketed POFs the
cladding is isolated from the outer medium (water or air). To a
first approach, they will be computationally analysed with only
two layers (core and cladding) and without considering reflec-
tions outside the cladding, except for the region in which the
POF is in contact with the outer medium (water or air), in which
case the two layers will be core and water or air.

Fig. 3 illustrates the polished bends that will be used for our
sensor. The polishing increases the sensitivity to variations in
the outer medium because it removes the jacket, so the criti-
cal angle starts to depend on the outer medium, as explained
before, and also because the angle between the ray and the nor-
mal tends to diminish on the polished zone, so the power loss
tends to increase. Such higher sensitivity with polishing will be
confirmed experimentally in the following section.

3. Experimental and computational analysis

In order to hold the optical fibre with the desired bend radius,
3 mm deep grooves were etched on a Plexiglas block. The jack-
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Fig. 3. Polishing of the bent optical fibre and the corresponding elliptical planar
interface.

eted POF, which has a diameter of 2 mm, was attached to the
grooves by means of a type of glue suitable for plastic, in a set-
up in which the optical fibre adopted the shape of a U. Thanks to
the Plexiglas block, the system becomes rigid enough to carry
out a polishing process on top of the bend so as to increase the
sensitivity of the sensor to changes in the outer medium. The pol-
ishing affects the jacket, the cladding and part of the core. When
the U-shaped bend is laterally polished, part of the fibre core can
be exposed to air, leaving a flat surface of elliptical shape. Fig. 3
shows both the polished fibre with a ray propagating inside and
the top view of the elliptical surface. The polishing depth ()
can be calculated as a function of the long semi-axis y, the bend
radius R and the core radius q, in the following way:
e=(a+R) —[a+R?—y1"

The value of y is easily measured. The picture of our device,
prepared with the aid of a polishing machine for optical fibres
called Kent 3-Engis Ltd., is shown in Fig. 4.

The first task carried out consisted in measuring the power
loss obtained for different polishing depths, from zero to the
maximum possible one without breaking the fibre. The cor-

Fig. 4. Sensing head based on laterally polishing a U-shaped optical fibre section. (Left-hand side) Picture of a bend in the shape of U embedded in a Plexiglas block,
with a bend radius R =5 mm. (Right-hand side) Picture of the elliptical planar interface after the polishing.



M. Lomer et al. / Sensors and Actuators A 137 (2007) 68-73 71

18

T T T T
COMPUTATIONAL:CORE+CLADDING
16 F water outside

BT
air outside

14 + .

EXPERIMENTAL ,.#

WITH JACKET,#
Ed

12
10

Attenuation (dB)

EXPERIMENTAL
WITHOUT JACKET

~ O

0 004 009 014 019 024 029 034 039
Polishing depth inside the core (mm)

Fig. 5. Attenuation for a bend radius R=5mm, immersed in water (all
solid lines) or in air (all dashed lines). (Uppermost pair of curves) Results
obtained computationally considering that reflections only occur either at the
core—cladding interface or on the polished surface, i.e., neglecting reflections at
the cladding—jacket interface. (Pair of curves in the middle) Experimental results
using a jacketed POF. (Bottom pair of curves) Experimental results using a POF
without jacket.

responding results, obtained with a 660 nm LED (super-bright
LED IF-E97) that includes a lens to collimate light, are shown
in Fig. 5 for a 5 mm radius polished bend immersed in air and in
water (the two curves labelled as “experimental’’). The polishing
depth is measured from the jacket—air interface, and it ranges
from 0.51 mm (when the core is just reached) to 0.90 mm (a
value slightly smaller than the 1 mm distance between the fibre
symmetry axis and the jacket—air interface). In the absence of
polishing and with a total fibre length of 2 m, the contribution to
loss was observed to be 1.6 dB. However, theoretical calculations
predict nearly 4 dB of loss without polishing (curves labelled
as “computational:core + cladding”). A plausible explanation,
which will also serve us to explain the lower attenuation mea-
sured when the external medium is water instead of air, would
be the existence of a very thin layer of air or water between
the cladding and the jacket. In such a case, after crossing the

Airlwater

interface Transmitted

rays

thin transparent cladding, part of the rays would be reflected
towards the core again, so the observed attenuation would be
lower. The aforementioned lower attenuation when the external
medium is water, whose refractive index is more similar to that
of the core than air, is rather unexpected at first sight. In addi-
tion, simulation and experimental results with the same type of
POF, but without jacket or methacrylate outside, do not show
this small reduction in attenuation. Therefore, it seems reason-
able to think that something else in jacketed POFs, and also
in unjacketed POFs embedded in a block of methacrylate, has
significant influence on the fibre’s attenuation. We have come
to a plausible hypothesis to explain this lower attenuation in
water, according to which part of the light propagates along an
air channel between the cladding and the jacket, in such a way
that a fraction of it will enter the core again when it reaches the
air—water interface on top of the polished bend. The reason may
be explained from the analysis of reflection effects in water, as
illustrated in Fig. 6. On the right-hand side of this figure, we
have plotted the Fresnel power reflection coefficient as a func-
tion of the angle with the tangent at the water-air interface, which
serves to illustrate that reflection on the interface can be signif-
icant, i.e., that an important fraction of light can be reflected at
the air—water interface. This fact can account for the approxi-
mately 0.6 dB of difference between the experimental curves of
Fig. 5, both with and without jacket. In the absence of jacket,
the explanation could be the existence of a layer of air between
the cladding and the block of methacrylate used to hold the bent
fiber (Fig. 4). As a matter of fact, without methacrylate and
without jacket, higher attenuation is obtained when the curve is
immersed in water instead of being in air, as we have checked
experimentally.

4. Results corresponding to the proposed sensor

After having measured the power loss as a function of the pol-
ishing depth, the following task carried out consisted in deciding
the polishing depth of the U-shaped bend for our sensor, based
on experimental results and in order to obtain a good sensitivity.
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0 20 40 60 80
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Fig. 6. Analysis of reflection effects in water that could explain the reduction in attenuation when the bend is immersed in water. (Left-hand side) Illustration of the
effect of the air—water interface. (Right-hand side) Fresnel reflection coefficient at such interface as a function of the angle with the tangent at the interface in the

plane of incidence.
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Fig. 7. Set-up of the multipoint measurement sensor for the determination of
the liquid level in a water tank.

We finally chose a polishing depth of value £=150 um from
the core surface. With this depth, a power loss of 5.10dB is
obtained for R =5 mm if the bend is surrounded by air, and of
about 4.55dB (i.e., 0.55 dB lower) if the bend is surrounded by
water (Fig. 5, curves titled “experimental with jacket”).

Instead of a single U-shaped bend we can use several bends
distributed along the fibre to improve the performance of our
sensor. Fig. 7 shows the experimental set-up for our multipoint
liquid-level measurement sensor, in which a fibre has eight bends
acting as sensing heads that will be immersed in water. The
separation between measuring points is 34 cm. The first sensing
head is at the bottom of the water tank, whereas the others are
distributed vertically over the first one. Light is launched into
the fibre with a modulation frequency of 1kHz, which serves
to eliminate background noise at the receiver. The photodiode
employed is a PIN (IF-D91), whose maximum responsivity is
0.4 A/W at 880 nm. The output of the photodiode is demodulated
and amplified, and then the signal is sampled at a rate of 500
samples per second by means of an analog-to-digital converter
(A/D). The amplifier provides a variation of 0.5 V per each bend
that is immersed in water (Fig. 7). A multipurpose integrated
circuit allows us to evaluate the signal variations and determine
the liquid level.

Fig. 8 shows the overall system loss in dB as a function of the
number of sensing points immersed in water. The reference level
was established when the tank is empty (no water). Afterwards,
the tank was progressively filled until the eighth sensing head
was covered by water, in which case the relative attenuation was
2.11dB. In other words, the attenuation step per sensing head
immersed in water is only 0.26 dB. By this way, the number of
liquids whose levels will be measured can be very large, and
there will not be any problem to apply our sensor to detect water
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Fig. 8. Experimental loss obtained as a function of the number of immersed
sensing heads.

level in tanks that are many metres deep (e.g., for the multisensor
system of ref. [20] the proposed range is in the order of “2 m”).

5. Conclusions

We have presented a new multipoint liquid-level measure-
ment sensor based on the extra attenuation caused by bending
and polishing plastic optical fibres. Polishing part of the core on
top of bends improves the sensitivity of the device. Experimental
results show a good agreement with theoretical considerations.
In the proposed set-up, an opto-electronic unit placed at the out-
put end of the fibre allows us to evaluate the liquid level of the
tank. POFs are especially suitable for the sensing heads due
to their high flexibility. The sensor can be adapted to measure
other physical parameters, such as temperature or humidity, by
depositing materials sensible to them on the polished region. In
addition, the cost of the sensor is low, thanks to the use of low-
cost components, namely a POF, an LED and a PIN photodiode.
Its price and adaptability makes the sensor suitable for industrial
applications.
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