Ag International Journal of Research (IJR) Vol-1, Issue-11 December 2014 ISSN 2348-6848

lv%_,m{

A Special Fiber Optic Sensor for Measuring
Wheel Loads of Vehicles on Highways

Monica Chauhan, Ekta Sharma
Department of ECE, Dronacharya College of engineering,
Khentawas, Farrukhnagar, Gurgaon-123506, India
Email: monicaece2@gmail.com ,ekta.sharma94@gmail.com

Abstract:

This paper presents results from an
investigation on a special optical fiber as a
load sensor for application in Weigh-in-
Motion (WIM) systems to measure wheel
loads of vehicles traveling at normal speed
on highways. The fiber used has a unique
design with two concentric light guiding
regions of different effective optical path
lengths, which has the potential to enable
direct measurement of magnitudes as well as
locations of forces acting at multiple points
along a single fiber. The optical
characteristic of the fiber for intended
sensing purpose was first assessed by a
simple fiber bending experiment and by
correlating the bend radii with the output
light signal intensities. A simple laboratory
load transmitting/fiber bending device was
then  designed  and  fabricated  to
appropriately bend the optical fiber under
applied loads in order to make the fiber
work as load sensor. The device with the
optical fiber was tested under a universal
loading machine and an actual vehicle
wheel in the laboratory. The test results
showed a good relationship between the
magnitude of the applied load and the
output optical signal changes. The results
also showed a good correlation between the
time delay between the inner and outer core
light pulses and the distance of the applied
load as measured from the output end of the

fiber.
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1. Introduction

Accurate measurement of static axle or
wheel load has long been a major objective
of highway engineers. The static weight of a
vehicle is used to provide a basis for
pavement analysis and design. Traditionally,
these weights have been collected by pulling
the vehicles off the roadway and weighing
them at weigh stations while the vehicles are
at rest. The static weighing of vehicles in
highways has several disadvantages,
including being time consuming, expensive,
and dangerous on heavily traveled roads.
The concept of Weigh-In-Motion (WIM)
was introduced more than fifty years ago.
WIM is the process by which the static
weights of vehicles are determined by
measuring wheel loads while the vehicles
are in motion. There are several advantages
of weighing vehicles while they are in
motion rather than at rest .These include
savings in time and cost, and being safer to
operate on busy roads. A number of
different WIM systems for weighing
highway vehicles have been developed
during the past five decades. These systems
have been used generally by public agencies
for collecting vehicle weights as well as
several other statistical traffic data to aid in
the pavement design construction, and
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maintenance, highway safety assessment
and improvement, and other several
transportation and highway related planning
and decision making objectives (For
example.

The three WIM systems that are used most
often are capacitive pad transducers,
piezoelectric cables, and load cell systems.
However, these WIM systems can give
inconsistent readings due to temperature
fluctuations, vehicle speed variations and
environmental factors. They are also
relatively complex in design and require
complex data acquisition and analysis
systems. An extensive evaluation of the
advantages and disadvantages of these
systems have been reported .

Sensing systems based on fiber optics have
found increasing applications in
telecommunications, electrical  devices,
aerospace structures and in the medical
field. Optical fibers have several positive
attributes, including small diameter, light
weight, immunity to electromagnetic
interference, utility in hostile environments
(such as in presence of high voltage and
high temperature), high sensitivity and
ability to sense as well as transmit
information. Due to these positive attributes
of optical fibers, efforts have been directed
towards developing sensors for civil
engineering infrastructures, including WIM
systems and bridge monitoring, using fiber
optics technology. Optical fiber techniques
proposed for WIM systems, include those
based on  light polarization  and
interferometry , bending loss, modulation of
light intensity through an optical fiber
having a single core, and on the concept of
bragg grating . However, none of these have
found widespread practical use so far.
Mechanical forces acting at different points
on an optical fiber, which cause the ejection
of light propagating along the fiber core due
to bending, have been estimated previously
using the optical time domain reflectometry

(OTDR)  technique.  This  technique
determines the magnitudes of the forces by
measuring the decrease they cause on the
intensity of the Rayleigh-backscatter from
the interrogating light pulses. A serious
shortcoming of this technique, besides its
polarization variant, is that it throws away
the ejected light, and instead it provides an
estimate of its intensity indirectly from a
difference between two weak and noisy
Rayleigh-backscatter signals.

Other fiber optic techniques investigated for
WIM systems include those based on light
polarization, interferometry; measurement of
transmitted light intensity through the fiber
having a single core; and on the concept of
fiber Bragg grating. Interferometric
techniques are bcomplicated and require a
different interferometer for each fixed
sensing point, separated from other
interferometers by a system of fiber optic
couplers. The main disadvantage of the
polarization technique is that a polarization
change at any point along the fiber affects
the polarization state of the fiber at other
sensing points. The technique based on the
light transmission through a single core fiber
has the drawback of not being able to
determine locations of forces/weight (or
deflection/bending) applied at multiple
points along the fiber length. The fiber
Bragg grating sensors are less sensitive than
interferometric sensors and has limitations
on number of gratings that can be written
and its dynamic range to detect fast moving
forces/loads.

The optical fiber investigated in this study
allows capture and direct measurement, by
forward time division multiplexing (FTDM),
of the light escaped out of the fiber core
caused by forces acting at multiple points
along the fiber length, and thus generating
stronger light signals than
Rayleighbackscattered signals. This special
FTDM fiber has shown its potential ability
to directly sense and measure magnitude as
well as location of forces/loads. It has the
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potential to measure magnitudes and
locations of forces/deflections applied at the
multiple points simultaneously on the same
fiber. For highway data collection
applications, this can facilitate measurement
of wheel loads of vehicles moving in
multiple lanes as well as several other
important parameters, such as vehicular
speed, inter-axle distance, width of the
vehicles, etc.

This paper presents results from laboratory
studies done on the special FTDM optical
fiber having two concentric light guiding
regions to measure magnitude as well as
locations of an applied forces/loads, with
specific application in measuring wheel
loads of vehicles traveling at normal speed
in highways. The principle of load sensing is
based on light loss under the bending of the
fiber.

Changes in output light intensity in the fiber
due to various bending radii were evaluated.
A simple laboratory device to transmit the
applied load to the fiber and bending of the
fiber was designed and fabricated. With this
device the fiber was tested under loading
machine and a passenger vehicle wheel

load in the laboratory.

2. Description of Optical Fiber and Load/
Force Sensing Concept

Schematic diagrams of the cross section and
the refractive index profile of the special
fiber evaluated for load sensing in this study
are shown in Figure 1. The fiber structure is
based on the Forward Time Division
Multiplexing (FTDM) principle. The fiber
comprises of the four concentric regions
(Figure 1a): (i) a small single mode central
(inner) core light guiding region (A), (ii) a
cladding(B) around the single mode core,
(i11) a second multimode graded index light-
guiding region (C)around cladding, B, and
finally (iv) an outer cladding region (D).
When a train of light pulses of short duration
1s launched into the fiber core at one end, a
lateralmechanical force applied at any point
along the fiber will cause bending of the

fiber and as a result deflect a fraction of the
intensity of each of these interrogating light
pulses from the inner core, A, to the graded
index region, C (outer core). Because of the
arrangement of the refractive index profile
of the fiber (Figure 1b), the deflected light is
captured within this graded index core, C,
and transmitted to the other end of the fiber.

Figurel. Dual core FTDM fiber (a) cross-
section, (b) schematic of representative
refractive index Profile.
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Since the refractive index of the outer light
guiding region, C, is substantially greater
than therefractive index of the inner light
guiding region, A, the light pulses carried by
the outer core willarrive at the fiber output
end At seconds after the arrival of the
undeflected light pulses transmitted by the
central inner core (Figure 2). This time
difference or interval is proportional to the
distance of the location at which the force is
applied measured from the output end of the
fiber.
For practical purposes, this relation between
the time delay (At) between the inner and
outer lightpeaks and the distance of the bend
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or the applied load from the output end of
the fiber can be written

as:

_t=(z/c)[(n3)efr- (ni1)efi] = (z/c) (_n31)e(1)
where z is the distance from the output end
of the fiber to the location where the force is
applied; c isthe speed of light in free space;
and (n1)etf and (n3)efr are effective values of
refractive indices, ni and n2 of inner and
outer core regions respectively as shown in
Figure 1 and  (Ln3l)egr 1s  the
differencebetween these effective refractive
index values of the inner and outer light
guiding regions.

Since some of the light escapes into the
outer core, there is a loss in the intensity of
the lighttraveling in the inner core. The
magnitude of the force that bends the fiber
can be determined from thechanges in the
intensities of the light signals traveling along
the inner and/or outer cores.

Figure 2. Input and output light signals
through the fiber.
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3. Investigation of Fiber Light Loss
Characteristics by Bending

This section describes laboratory tests on the
optical fiber to determine the light loss due
to

bending and presents some of the more
significant results.

3.1 Experimental Set-up

The experimental set-up for the fiber
bending test is shown in Figure 3. The
experimental set up
consisted of the
components:

A light source. (This consisted of a laser
diode driven by a pulse generator.)

following  main

The dual core FTDM optical fiber.

The apparatus for receiving the light pulses
and converting the light energy to electrical
energy.

(This consisted of the photo detector).

The apparatus to display the output electrical
signals. (This was the oscilloscope.)

In the Ilaboratory experiment, the
interrogating light pulses were obtained by
modulating the laserdiode with a pulse
generator (Avtech Model no. AVM-2-C).
The pulsed light beam from the laserdiode
was focused with a lens system onto the
fiber so that the light entered the inner core.
Fiberholders were used to firmly position
the input end of the fiber.

Sensors 2008, 82 5 56

Figure 3. Optical fiber experimental/ test set-up.
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3.2 Physical Properties of the Fiber Used

A fiber having outer diameter of 140 pum
was used for the results presented in this
paper.

Dimensions and refractive index values of
various regions of the fiber cross-section are
shown in

Figure 4. These values are approximately as
follows: (1) Inner single mode core, A:
Diameter * 7um;

Refractive index, n1 ~ 1.4826; (2) Inner
cladding, B: Outer diameter ~ 18 um;
Refractive index, n2 =

1.4771; (3) Outer multimode light guiding
core, C: Outer diameter ~ 85 pum; Refractive
index, n3 ~

1.5030; and (4) Outer cladding, D: Outer
diameter ~ 140 um (outermost diameter of
the fiber);

Refractive index, n4a~ 1.4607.
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Figure 4. Refractive index profile of 140-
um outer diameter dual core FTDM fiber.
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3.3 Optical Characteristics of Fiber - The
Bending Experiment

The optical characteristic of the fiber was
assessed by bending the fiber by hand and
measuring the

output light signals. The purpose of these
bending tests was to validate the theoretical
principle of the

fiber and to study the relationship between
the degree of bending and the optical signal
output. This

information is crucial in designing the
mechanical system that is needed to transmit
wheel load to the

fiber. The 140 u m outer diameter fiber
having approximately 100 m length was
bent at a point into

circular loops of different radii near the light
input end of the fiber. The corresponding
light output

signals were measured using the HP 54720D
oscilloscope.

Figure 5 shows representative oscilloscope
traces of the output signals from the fiber
with and

without bending. The oscilloscope trace with
peaks 1 and 2 corresponds to the case when
there was no

bending. Peak 1 corresponds the output light
from the inner core. The exact cause for
Peak 2 could not be identified. Several
possible causes could give rise of the extra
peak [26, 27]. Some possible reasons for this
extra peak could be attributed to the

fabrication of the fiber and/or to the
combination of light being launched directly
from the source into the outer core (graded
index multi mode region) and mode mixing
of the light in this region. When the fiber
was bent, the inner core light pulse (Peak 1)
decreased while a new pulse (Peak 3) to the
right of the inner core light pulse appeared.
This light peak (Peak 3) corresponds to the
light output from the outer core that was
leaked from the inner core to the outer core
at the bending location of the fiber.

Figure 5. Oscilloscope traces of the output
light pulses from the special fiber with and
without bending cases.
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From the oscilloscope traces (Figure 5), it
can be readily seen that for the bending
introduced near

the light input end of the approximately 100
m long fiber (i.e. z = 100 m), the time delay
(_t) between

the inner and outer core peaks (1 and 3) is
about 2.2494 x 10-9 s. With the value of
speed of light (c)

equal to 3 x 108 m/s, the effective difference
in refractive index values (_n3i)ef between
the inner and

outer light guiding regions of the optical
fiber can be determined from Equation (1)
as equal to

approximately 0.00675.
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Figure 6. Bending radius of fiber loop vs.

fraction of original light in inner core.
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Figure 6 shows the calibration curve
developed between the bending loop radius
versus the amount

of inner core light output (Peak 1, Figure 5)
expressed as a fraction of the light intensity
before the

fiber was bent. It was observed that a 10%
decrease in the magnitude of the light in the
inner core (i.e.

90% of the original value) corresponds to a
bend radius of 36 mm. A 50% decrease in
light

corresponds to a bend radius of 7 mm. The
experiment also gave us the range of the
fiber loop radius

for which we get a distinct output signal.
The minimum radius of circular loop that
gave maximum

leakage of light from the inner core to outer
core without breaking was 5.5 mm. The
maximum loop

radius above which we did not observe any
change in the inner core signal was 70 mm.
4. Development and Fabrication of Load
Transmitting/Fiber Bending Device

For the fiber to act as a load sensor, a device
is necessary to bend the fiber when a load
(e.g.a

vehicle wheel load) is applied. The
schematic diagrams of a laboratory load
transmitting/fiber bending

device used in this study are shown in
Figure 7 [27-28]. The device was based on a
pin and spring

mechanism. It consisted of a semi-circular
steel top supported by four springs
supported at the four

corners on a steel base plate. There were two
rows of circular pins of diameter
approximately 0.953 cm

(0.375 in) arranged in staggered fashion.
One row of pins was attached to the semi
circular top and the

other attached to the steel plate below. The
center to center spacing between any two
pins in a row was

approximately 2.07 cm (0.8151in). The spring
constant, pin diameter, and spacing between
the pins

were adequately selected to introduce
suitable bending of the fiber to have the
proper amount of light

leakage from the inner core to the outer core
of the fiber.

¢ Measured data point

___Curve fit (4th order polynomial,

Rz = 0.99)
Figure 7. Schematic of fiber bending/load
transmitting device.
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The optical fiber was placed between the top
and bottom layers of the pins and load
applied on top
of the device. The spring serves a few
important roles. First, upon the application
of load on the top surface, the springs get
compressed causing the upper pins to push
down on the fiber and create desired
bending of the fiber. Second, after the
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removal of the load, e.g. passage of a
vehicle wheel, the springs return to their
original position bringing the fiber in the
straight horizontal position. Third, by
choosing springs with a proper spring
constant, they can be designed to carry
excessive loads and thus prevent the fiber
from breaking. The top of the device was
designed curved keeping in mind the
following major practical benefits: the curve
surface allows vehicles to pass over the
device smoothly. For durability purpose, it is
desirable that the device be placed
underground. This will prevent the device
from being removed by snow plowing
machine and damaged by other elements.
The curve design of the top surface makes it
possible to place the sensor device
underground with just a very small portion
of the top exposed at the road surface level
to sense the wheel load. Figure 8 shows the
photograph of the laboratory fabricated
device for the experimental testing.

Figure 8. Photographs of fiber bending/load
transmitting device.

5. Laboratory Testing Sensor System,
Results, and Analysis

The sensor system (fiber with the load
transmitting/fiber bending device) was
tested in the laboratory under both the
SATEC Universal loading machine and a
vehicle wheel to evaluate its

performance. The length of the 140 u
diameter fiber used in these testing was
approximately 36.90 m (121 ft). The load by
the SATEC machine or the car wheel was
applied at a distance of approximately 24.38
m (80 ft) from the output end of the fiber.
Results are presented herein with the test
done using the load transmitting device

having 3-pin configuration (one pin on the
top and two at the bottom, see 5./ Tests
under SATEC Loading Machine.

The load transmitting/ fiber bending device
with 3-pin configuration was placed in a
SATEC universal loading machine (Figure
10) with the special fiber placed horizontally
in between the top and bottom layers of the
pins. The load was applied to the device in
the downward direction in an increment of
0.445 kN (100 lbs) starting from 0.222 kN
(50 Ibs) to a maximum of 3.781 kN (850
Ibs), and then reduced to zero (loading and
unloading). The vertical displacements of
the device or the fiber and the output light
intensity from the oscilloscope traces
corresponding to each load increment were
recorded. Table 1 shows these values
recorded in the loading phase of the
experiment.

The vertical displacements recorded ranges
from approximately zero value when there
was no load applied to 3.656 m (0.144 in)
for 0.667 kN (150 1bs) load to approximately
10.808 mm (0.426 in) for the maximum of
3.781 kN (850 1bs) load.

Table 1: Output light intensity change from the bending of fiber by Three-Pin device
under SATEC loading machine

Inner Core
Output Peak | Vo/Vier®
Intensity. V, | (%)
(mVv)
[ [ 0 15.5 100
50 222.4 1.532 15.5 100
150 667.2 3.652 15.1 97.42
250 1112.0 4.623 14.3 92.26
350 1556.8 5.760 13.1 84.52
450 2001.6 6.761 11.9 76.77
550 2446.4 7.764 10.7 69.03
650 2891.2 8.780 10 64.52
750 3336.0 9.805 9.3 60.00
850 3780.8 10.802 8.9 57.42
¥V ee= Light output (Vo) intensity when there is no load

TLoad Vertical

Displacement
(1b) o) (1)

The oscilloscope traces of the light pulses
coming out of the output end of the fiber
showed two peaks when there was no load
applied (see Figure 11, curve indicated by
50 Ib). The left peak was the

light output from the inner core. The right
peak could be caused by the light entering
the outer core at the input end and coming
out at the output end (see end of this
subsection for more elaboration on this).
When the fiber was bent by the pins in the
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device under the applied load, the middle
peak resulting from light being leaked out of
the inner core to the outer core at the loading
point (or bend location) was observed. The
results presented in Figure 11 and Table 1
show the left peak intensity decreases as the
loading increases. This is expected since
larger load creates larger deflection, giving
rise to longer bent length of the fiber, which,
in turn, causes more light loss from the inner
core. The middle peak intensity shows an
increase up to a loading of 450 lbs and
decreases on additional loading.

This decrease could be caused by light
escaping from the outer core due to
excessive bending under larger applied
loading. The same reason could also be the
reason for the decrease in the intensity of the
right most light peak.

In order to create a reliable WIM system, a
strong relationship between the output signal
and the applied load must exist. From the
observation mentioned in the preceding
paragraph, the more reliable pulse to track is
the inner core light output pulse intensity as
it decrease continuously as the load is
increased (or bending is increased). The
variation of the inner core light output (left
peak) intensities with the applied load has
been shown in Figure 12 for both loading
and unloading cases. It can be seen that
there is a slight difference in the data point
values between the loading and unloading
cases. Since the tests were done at the same
environmental condition (room condition)
and during a relatively short period of time
(a couple of hours), this difference in
measured values from the loading and
unloading experiments can be attributed to
the preliminary nature of the mechanical
device and connection between the
mechanical components, rather than the
optical fiber. As can be seen from Figure 12,
the linear relationship of the inner core light
output (left peak) intensity to the applied
load (amount of bending of the fiber) is
quite strong, with the value of the coefficient

determination for the regression, R2, for the
linear curve fit being 0.98. Thus, the results
seem to indicate that inner core light output
reading is suited to adopt for the
determination/detection of applied load
magnitude.

Load vs inner core output light pulse
intensity.

Load vs. Inner Core Output Intensity
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From the oscilloscope traces, it can be seen
that the spatial resolution is good. The load
in the laboratory experiment was applied at
a distance of approximately 24.38 m (80 ft)
from the output end. For this distance, the
left and middle peaks were seen to be 500
picoseconds apart. Therefore, for vehicles
separated from each other by one lane width
of 3.66 m (12 ft), the peaks will be separated
by about 75 picoseconds. This should to
distinguish between vehicles wheel loads
traveling in different lanes.

Considering the calibration value for (_n3i)ef
equal to approximately 0.00675 as obtained
from the fiber bending experiment described
in Subsection 3.3 and with the value of
speed of light (c) equal to 3 x 108 m/s, for
the time delay (_#) value equal to
approximately 500 x 10-12 s from the
SATEC machine loading tests (Figure 11),
the distance (z) of the applied force (or the
location of the fiber bend) from the light
output end of the fiber can be determined
from Equation (1) to be approximately 22.22
m, which matches reasonably well with the
actual distance of approximately 24.38 m
used in the experiment. One cause for this
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slight difference between the actual and
sensor measured/computed values of the
location of the applied load/force could be
attributed to the preliminary nature of the
prototype fiber bending device.
The time interval (_z) between the left peak
and right most peak in Figure 11 is about
800 ps. Following the calculation as
described above, this corresponds to a
distance of approximately 35.5 m,
which matches well with the total length of
3690 m considered in the experiment.
Therefore, this result supports that the extra
peak (right peak) that existed from the
beginning, when there was no load applied,
was as a result of the light entering into the
outer core at the input end and coming out
of the fiber at the other end (output end.) If
needed, one should be able to eliminate this
extra outer core light output peak by having
the light enter only inner core at the input
end.

5.2 Car Wheel Load Tests

Two parallel wooden tracks at vehicle width
apart, were built. The device was placed in
the midlength of one track .

= “Wooden Track

A car was driven over the device at
crawling speed. The oscilloscope traces
before and after the car wheel loading are
shown.

" Wheel
-~ CARTEST - :m | Lo
3 Pin Assembly WIM | 1% ain —H« son T >{
Device : 140 um OD Fiber |

H a5, e {‘\ Base Plot (No load) :

Wlt‘h Car W'heel Over—
{_\1 /\ */De\ice

: j J[ \ \ Come1smn Factor:
Sl VTN
1fi= 03048mf

S L H H H 2
264.6n SB8pssdiv 289.6ns

Time (ns)

Before the vehicle wheel loading,

there was one output light pulse, which was
also the input light pulse traveling through
the inner core.

It could be observed that the left peak
decreased and the right peak appeared, as a
result of the wheel

loading. The right peak is the fraction of the
light being leaked out of the inner core to
the outer core at

the loading point (bending location). The
decrease in the intensity of the left peak,
thus, gives a

measure of the wheel load magnitude.
Testing of fiber sensor under car wheel load.
Furthermore, from the oscilloscope traces ,it
can also be seen that the spatial resolution
between the two peaks was good. The time
delay between the two peaks gives the
measure of the distance of the applied load
from the output end of the fiber and thus
pin-points the location of the

applied wheel load. In the present case, the
time difference between the two peaks was
about 550 picoseconds for the load applied
at a point approximately 24.38 m (80 ft)
from the output end of the fiber. Using the
value for the effective difference of the
refractive indices (_n31)erequal to 0.00675
(Section 3.3) and the value of speed of light
(c) equal to 3x108 m/s in Equation (1), the
time delay (_2)
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value equal to approximately 550 x 10-12 s
gives the distance (z) of the applied wheel
load (or the location of the fiber bend) from
the light output end of the fiber to be 24.44
m, which matches very well with the actual
distance of 24.38 m used in the experiment.
Oscilloscope traces of output light signals
when the fiber is bent with 3-pin load
transfer device under car wheel loading
(Unit conversion factor: 1 1b =4.448 N; 1 ft
=0.3048 m).

6. Conclusions

An optical fiber that has a special cross
section structure consisting of two
concentric light guiding regions of different
refractive profile separated by cladding
region was characterized and tested in
laboratory in order to determine its potential
application in measuring simultaneously the
magnitude and location of wheel loads of
moving highway vehicles. A prototype load
transmitting/fiber bending device was
designed and fabricated. With this device
the fiber was tested under loading machine
and on a passenger vehicle wheel load in the
laboratory.The loading machine test results
on the load transmitting device along with
the special fiber showed good relationship
between the magnitude of the applied load
and the changes in the output optical signal.
In addition to the magnitude, the results
showed that the location of the applied load
could be determined to a fair degree of
accuracy. Furthermore, the changes in the
optical signal during testing with the car
were quite similar to that obtained for the
load machine. Thus, the laboratory test
results from this study found to be
encouraging for potential use of the special
FTDM dual core optical fiber along with a
suitable load transmitting mechanism in the
Weigh-In-Motion (WIM) and  other
force/displacement measurement and
detection applications.
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