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Abstract The use of different optical-fiber sensors for weighing measurements is described. By
using three different mechanical stressing mechanisms, the operation of the fiber-to-fiber
transducer systems are tested and the results are presented. Parameters such as sensitivity,
hysteresis, resolution, and dynamic range are measured. A comparison of the results has shown
that the sensor system made with a cantilever steel beam offers a better overall performance. It
shows a sensitivity of about 4.8 mV/gm, a maximum hysteresis of 4%, and has a resolution of
0.2 gm for a dynamic range of about 140 gm. The reported systems offer simplicity in design
and can be implemented for force/pressure measurements.
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INTRODUCTION

For many years a number of methods have been
developed in order to devise transducers for
force and, in particular, for weight
measurements. The first attempts have been the
use of a spring system. This device is very simple
and cost effective for mass production.
However, stability, accuracy, and other
parameters needed for higher precision
experiments motivated the development of
more reliable transducers.

The new weighing apparatus uses the more
sophisticated load cell, which is based on a
strain gauge transducer element [1]. The load

International Journal of Engineering

Ji+{ 3Tiof

cells can measure static and dynamic tensile and
compressive loads almost without requiring any
displacement. A rapid development in the scale
industry has become possible by using this type
ofsensors. These kinds oftransducers are now
widely used for medical scales, packaging scales,
and others [2].

In design and construction of a sensor one
must consider accuracy, resolution,
repeatability, linearity, hysteresis, and the
response time [3]. To meet all the requirements
described is not a simple task because one must
consider the specifications in relation to the
production cost for the real applications. On the
other hand, in most cases to obtain the best
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result for one particular parameter one has to
sacrifice for others. Some of the specified
parameters are related to the transducer itself,
some defined by the measuring system, and
many others are related to the both systems.
In recent years, some researchers have
attempted to improve the transducer
performance while others have focused on the
methods and processing the output signals.
These effortsinclude: amplification, averaging
and smoothing, and digitizing the output signal
in order to obtain a stable, reliable, and
reproducible results with a high accuracy.

OPTICAL-FIBERSENSORS

Beside the load cell devices, optical sensors
have the potentials to be used for weighing
measurements especiallyin hazardous process
control areas. Optical-fiber sensors can be
devised based on the extrinsic, intrinsic, and
evanescent processes [4]. Evanescent sensors
rely on the measurable loss of guidance from an
optical fiber as a means of detecting external
changes. For example, when the effective
refractive index of surrounding material around
an optical fiber changes the intensity
modulation can be measured. At a liquid-to-air
interface the change ofrefractive indexcan be
used for measuring the specific gravity of the
liquid or measuring chemical parameter such as
pH of a solution. In intrinsic sensors [5,6], the
effect of micro bending and the resulting
transmission loss can provide a means of
detecting pressure or strain. Extrinsic
optical-fiber sensors can also be used in which
the radiation isreleased from the transmitted
fiber and modulated externally by some induced
changes. One common method in extrinsic
sensor design is the intensity modulation of the
radiation.

To avoid some of the problems existing in
intensity modulation, the method of
development of transducers that directly
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transmit frequency-out information, as a
function of the strain applied has been
introduced. The various options of
frequency-out sensors are : vibrating wire [7],
quartz crystal, micro machined silicon [8], and
micro machined GaAs devices [9]. Among these
devices, a vibrating wire is often used for
applications like remote sensing and differential
pressure measurements. Quartz crystal
cantilever beams can be optically excited into
resonance and the frequency varies with axial
stress loading. Devices made by this mechanism
have a measurement range of 1 kg and a
resolution of 0.5 gm. However, design and
construction of such devices are very
complicated and requires thin film and
integrated electro-optics technologies [10-13].

In this study the goal is to focus on the use
of optical fibers and to develop simple sensors
with compatible characteristics. For this
purpose, several mechanical stressing meansin
the fiber-to-fiber configuration have been tested
and the obtained results are reported. All the
reported systems function as a fiber-to-fiber
intensity modulator but the external changes are
induced by different methods.

EXPERIMENTAL ARRANGEMENTS

Design and operation of a single and double
fiber-to-fiber sensors were described in the
previous study [14]. By using this type of sensor
a precise measurement of the displacement, gas
pressure, and the linear thermal expansion of a
metal rod were reported [15]. Using the same
idea oftransducing mechanism several sensors
were constructed, which are displayed in the
block diagram shown in Figure 1. For
convenience, hereafter we refer to these three
arrangements as sensor A, sensor B, and sensor
C, respectively.

The first design shown in Figure 1(A) which
consists of:a LED as radiation source, a fixed
fiber, and a cantilever fiber which is free to
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Figrue 1. Experimental Arrangements of the sensors: (A)
a cantilever fiber that is connected to a rubber membrane
by a thin coupler, (B) The second fiber is fixed to a
Plexiglass plate, which can move, down and return up by a
spring restoring force and (C) The cantilever steel beam
geometry in which the second fiber and photo detector are
connected to the free end of the steel beam.

move according to external changes or
environmental perturbations. Asindicated in
Figure 1(A), the first fiber is coupled to the
radiation source and the second fiber is located
in an axial distance of about 50 Mm from the
first fiber. The cantilever fiber is connected to a
rubber membrane by a thin coupler. The
membrane is a disk of 30 mm diameter and 3
mm thickness fixed in position while the thin
coupler is connected to its center from one side.
The other side of the coupler is connected to
the second fiber, as shown in Figurel(A).

By applying a weight of W on the rubber
membrane, the force is applied to the second
fiber, which causes modulation in the intensity
of the radiation, which is received from the first
fiber. The modulated transmitted light by the
second fiber is collected by a photo diode
(Centronics, BPX 65) and then the produced
electrical signal is measured by a digital
voltmeter. Although, photon multiplier or
electron multiplier detectors could make a more
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precise detection system rather than the simple
device used here, they were unavailable and
costly, which increase the sensor cost.

The BPX 65 detector is a planar silicon (PIN
type) photodiode with excellent sensitivity and
wide bandwidth capability suitable for a great
variety of signal detection. It has an active area
of Imm? and a low dark current of about 1 nA.
The noise equivalent power at 900 nm is
3.6*10'* W/(Hz) 2. Spectral response of this
detector is from 400 nm (quantum efficiency of
0.4), with maximum quantum efficiency of 0.8 at
about 830 nm, and it has a quantum efficiency
of 0.35 at 1000 nm. The quantum efficiency of
this photodetector for green light (500 nm) is
about 0.62 while for red light (600 nm) it is 0.7.
Typical responsivity for 450 nm is 0.2 A/W, for
900 nm 0.55 A/W, and for 1064 nm is around
0.15 A/W.

Figure 1(B) shows a different stressing
mechanism for the weighing measurements.
Here, the second fiber was fixed in a Plexiglass
(kind of glass with high degree of flexibility)
plate, which is able to have a precise movement
in the vertical direction. A spring-loaded screw
in a precise fashion controlled this movement
(see Figure 2b). Since the second fiber is fixed
to this plate, then by putting a weight of W on
the top of it, the displacement causes some
modulation in the intensity of the radiation,
which isultimately collected by a photo diode.
The output signal is then measured by a digital
voltmeter as shown in Figure 1(B). Therefore,
sensing of the applied weight was possible by
recording the output voltages. For this
experiment, we have tested the system with
different springs of different force constants
(k=200-1000 N/m).

The final design for weight measuring is
illustrated in Figure 1(C) refered to as sensor C.
This apparatus uses a fiber-to-fiber arrangement
similar to those of sensor A and sensor B, but
uses a steel beam in a cantilever configuration.
Schematic perspective of the weighing
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Figure 2. Schematic representation of the weighing
apparatus used in this study. Part (b) shows sensor B,
which uses the spring mechanism, and (c) shows the
cantilever steel beam geometry for sensor C. Weight
placing distance, L, is shown for sensor C.

apparatus for sensors B and C are shown in
Figures 2b and 2c, respectively. As indicated in
Figure 2c, the second fiber in this case is fixed
to the tip of the steel bar that is free to move
and the other end of the bar is tightly fixed in
position. This piece of metal bar (steel) hasa
dimension of 96 mm*28 mm*l mm and the
pivot length is about 90 mm. The collecting
photo diode is also fixed to the steel beam and
the output voltage is again recorded by a digital
voltmeter.

For a better comparison, in the construction
of all of the sensors we have used similar fibers,
photo diodes, and digital voltmeter. Although,
similar types of LEDs were used in sensors A,
B, and C, but the first two were emitting the
green light while for sensor C the emitted red
light was used for measurements. The first and
the second fibers for all the systems are picked
up from silicon fibers with step index profile, a
core diameter of 400 Mm and an overall
diameter of 1 mm.

In order to minimize the light source
fluctuations, care was taken to provide a
relatively constant voltage for the LEDs. For
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this purpose, a high quality power supply
(Hewlett-Packard model HP 6115A Precision
Power Supply) was used to provide a
well-regulated voltage of 3V. With this power
supply it was possible to control the supply
voltage within a precision of 1 mV. The LED
supply current was also monitored which was
constant of the order of 2.5 mA at this voltage
level.

RESULTS

For data collection, variations of the output
voltage as a function of the weight changes
were measured. By using sensor A, several
weight measurements were accomplished, and
the average values for the five series of
measurements are shown in Figure 3. This
sensor shows a sensitivity of about 1.5 mV/gm
for a dynamic range of about 200 gm (rubber
membrane of 3 mm thickness). By using the
rubber membranes with different thicknesses, it
is possible to change both the sensitivity and the
dynamic range. However, when the dynamic
range isincreased, the sensitivityofthe system
will decrease in a reverse way.

The resolution of the sensor A with the
mentioned parameters was about 0.5 gm, but it
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Figure 3. Variation of the output signal as a function of
weight (increasing weight) for sensor A.
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could be further improved by using another
thinner rubber membrane. The output of the
sensor is nonlinear which is true for the case of
fiber-to-fiber modulation, but for a weighing
range of 60 gm to 180 gm it is nearly linear. It
should be mentioned that with the option of
digitizing, the nonlinearity of the output should
not be a serious problem because it would be
easy to use a nonlinear calibration curve to
correct the data.

In another measurement, to show the
hysteresis effect, the output signals for the case
of increasing and decreasing weights are
recorded and the difference in the averaged
results are shown in Figure 4. The slight
difference can be explained by the fact that the
output measurement is related to the weight
force and the restoring force, which are not
acting exactly in the same manner. However,
the maximum hysteresis for this case is about
9% that is not so bad for such a simple design.
Another source of error in this respect might be
due to the intensity drift of the LED. Hence,
for precise applications, the LED light source
can be replaced by a more stable laser diode for
more accurate results.
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Figure 4. The effect of the increasing and decreasing
weight (hysteresis) in the operation of sensor A.
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In another experiment, sensor B shown in
Figure 1(B) was employed for weighing
measurements. For this arrangement, a
transitional stage was used in which the fine
movement of the second fiber in the vertical
direction was possible. The measuring weight
was placed on the top of the Plexiglass plate as
shown in Figure 2b, and the restoring force was
provide by a spring. For this case, using springs
with different force constant values made
several measurements. The spring with a higher
force constant provided a higher dynamic range
while the sensitivity of the sensor was
decreased. Experimental results for a typical
spring (force constant, k=980 N/m) are
presented in Figure 5. This device shows a
sensitivity of about 2.6 mV/gm for a dynamic
range of 70 gm.

Two major points can be seen from Figure 5:
first similar to the case of sensor A, its output is
not linear, even more nonlinear than that of
sensor A. It must be pointed out that the
nonliearity observed in the optical fibers is due
to the fact that output intensity changes with
the square of the offset distance of the two
fibers. The second problem is that the output
response for the case of increasing and

250
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Figure 5. Output signal versus weight for sensor B.
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decreasing weights was slightly different. This
problem was mainly due to the structure of the
spring. The construction of the spring in such a
waythat it is either compressing or stretching.
Hence, under restoring force, the spring was not
acting exactly the same as the compressing
force. The maximum hysteresis for this sensor
was even more than that of sensor A and is
about 13%. At first it was thought it might be
due to some defect in a particular spring, but
several springs were experimented and more or
less the same effect was noticed in all of the
spring-loaded systems.

In sensor C presented in Figure 2c¢, a steel
beam is used as the perturbing system for the
intensitymodulation. Weighing measurements
for this sensor was accomplished by placing the
weight at different places on the steel bar
(L=6.5cm, 4 cm, and 2.5 cm. see Figure 2¢)
and the output results were measured
accordingly. The flexibility of this sensor
permits to employ just one system for a wider
measuring range and at different sensitivity
levels.

The result of such measurements for
different weight placements, L, isillustrated in
Figure 6. As can be seen in Figure 6, increasing
L will decrease dynamic range, but the slope of
the curves or sensitivity will increase in a
reverse manner. To show this effect for the case
of L=6.5 cm, the weighing measurements were
performed at higher resolution and the results
are shown in Figure 7. In this experiment the
weight increase at each step was 0.5 gm, but the
best resolution of this sensor was found to be
0.2 gm at this range of operation. For this study
we used a container and varied the weight by
adding small amount of water using an accurate
micropipette. Our system was sensitive to a
small drop of water corresponding to 0.2 gm
weight.

To sum up the results of our experiments for
different sensors the related parameters are
compared in Table 1 in terms of the numerical
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Figure 6. Variation of the normalized output as a function
of weight for different placing positions, L=2.5, 4, and 6.5
cm in sensor C.
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Figure 7. Resolution of the sensor C for the weight
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placement value of L=6.5 cm.

values. Since the fiber-to fiber method is
nonlinear in nature, so all these sensors behave
nonlinearly on which we did not elaborate in
our comparison. However, in terms of linearity,
sensor C has the best performance (compare
Figure 6 with Figure 5, and Figure 3) and is
sensor A the next. Considering these resultsin
terms of sensitivity, hysteresis, repeatability,
resolution, and dynamic range it is noticed that
sensor C has the superior performance. This
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TABLE 1. Comparison of the Different Sensor Systems
(k=980 N/m for Sensor B).

Sensitivity Hysteresis Repeatability Resolution Dynamic

Sensors (mV/gm) (%) (%) (gm) Range
(gm)

A 1.5 9 5 0.5 180
B 2.6 12 6 0.5 70
C 4.8 4 3 0.2 140

sensor is more stable and provides the means to
construct a reliable system that can be used for
different weighing ranges with an acceptable
sensitivity and dynamic range.

FURTHER DEVELOPMENTS

The preliminaryresultsreported here indicate
that sensor C can be effectivelyused for force
and pressure measurements. However,
sensitivity and its overall performance can be
improved by considering several points. First,
for radiation source we used the available
LEDs, for sensors A and B the green LED, and
the red one for sensor C. So using a high power
LED or alaser diode emitting at a wavelength
that matches the highest quantum efficiency
point of the detector will greatly improve the
sensor sensitivity. [t seems that for the present
detector the wavelengths in the RED-NIR (830
nm)should be the best choice for the optimum
operation.

Asindicated by others, there are some loss
of light in coupling the LED to the first fiber. In
our case the coupling was done in a casual way,
but there are better means and mechanism for a
more efficient coupling. Because of the
limitations on the optical fibers, we just tested
the available silicon fibers, but one can try
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different fibers in order to select the best one in
terms of fiber material, indexprofile, and core
and cladding dimensions.

As was described for the source of radiation,
for the appropriate detection one must choose a
high efficiency low noise photo detector that
matches the light source wavelength. In our
case the BPX 65 photo detector has a quantum
efficiency of about 70% at 600 nm and a
maximum of about 80% at 850 nm, which is
reasonable. Considering all the parameters of
this photo diode its operation is satisfactory.

Another parameter is the mechanical
stressing mechanism that plays an important
role in sensor operation Even though, the steel
bar showed a good performance, we did not
study other materials in this connection. The
dimension and the geometry of the cantilever
beam are the two factors that can be optimized
for a better operation.

The signal recorded here is just the direct
output of the photo detector measured by a
digital voltmeter. For more precise applications
one can improve the S/N ratio by using
amplifying, averaging methods and digital
techniques. In fact the response time of the
system is defined to some extent by the
detection circuit and the signal processing
technique. However, for static measurements
such as weight measurements accomplished
here this factor is not a crucial one.

In summary, with some of the mentioned
improvements this simple sensor can be
employed effectively in force and the related
measurements in order to meet the increasing
demand for the sensors offering a good price
and quality performance ratio. However, it
requires some more efforts to compete with the
load cells of fixed positions that are widely used
in precise applications.
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