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Abstract: Due to corrosive environment, pipes used for transportation of water and gas at the plants
often get damaged. Defects caused by corrosion and cracking may cause serious accidents like
leakage, fire and blasts. It also reduces the life of the transportation system substantially. In order to
inspect such defects, a Polyvinyledene Fluoride (PVDF) based cantilever smart probe is developed to
scan the surface quality of the pipes. The smart probe, during rotation, touches the inner surface of the
pipe and experience a broad-band excitation in the absence of surface features. On the other hand,
whenever the probe comes across any surface projection, there is a change in vibration pattern of the
probe, which causes a high voltage peak/pulse. Such peaks/pulses could give useful information about
the location and nature of a defect. Experiments are carried out on different patterns, sizes and shapes
of surface projections artificially constructed inside the pipe. The sensor system has reliably predicted
the presence and distribution of projections in every case. It is envisaged that the new sensing system
could be used effectively for pipe health monitoring. Copyright © 2011 IFSA.

Keywords: Pipeline inspection robot, Smart sensors, PVDF, Structural health monitoring, Wireless
signal transmission.
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1. Introduction

Very often, it is necessary to monitor the surface roughness of the pipes which transport water and gas
for cracks, obstructive growths as well as shape deformation on a regular basis to forestall any
accident. In cylindrical pipes, traditionally, the surface integrity is checked either manually or by using
laser probes [1]. While the manual inspection relies heavily on human skill, the laser sensing system is
quite expensive. Hence, it is convenient and economic to have a setup that can move inside the pipe
and make such inspection automatically by using a rotating probe. Crawler robots are being developed
for pipe —health monitoring, but most of them rely on wired signal transmission which causes
problems with the movement of the robot inside the pipe. Dongmei Wu et al. [2] have proposed an
inspection robot using a wireless radio communication system useful for long complex pipes. The
communication properties of radio signals inside pipes of diameter 30 cm and length 10 cm was
measured using such device.(see Fig. 1-a).

A wireless radio signal from the steel pipe inlet was emitted and it was measured in the steel pipe
outlet as shown in Fig. 1. The Radio signal at different antenna positions was measured. The
transmission loss from transmitting antenna input to the corresponding receiving antenna output was
14+6 dB in 2.4 GHz band. Typical output corresponding to different band and position of antenna are
shown in Fig. 1-b.

) - 25
S
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Fig. 1. (2) Transmission test in steel pipe; (b) Measurement result in steel pipe.

The experiments have proved that signals could be transmitted well in steel pipes within 100 m. The
objective of this paper is to establish the usability of a new PVDF based cantilever smart probe as a
sensor to sense finite sized discontinuities over a surface using the above mentioned inspection robot
[2]. This is done by conducting a series of experiments by testing the beam against surfaces with
known projections and studying whether any meaningful results are obtained. The probes are made up
of spring steel and used in cantilever mode. A PVDF patch is bonded to the cantilever for sensing
vibration of the cantilever. The rotating probe is attached with the robot and rotated by a motor as
shown in Fig. 4. Whenever the system touches the defected area, the PVDF film could detect the
presence of defect due to the change in dynamic strain. This strain change of the PVDF film can be
measured as voltage change. Thus, the feature of the defect can be predicted by observing the voltage
peak/pulse.
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2. Previous Work

The idea of using cantilever beam for surface roughness measurement is already in use in atomic force
microscopes, at a very high precision level. In these systems, deflection is measured by the reflection
of a laser ray off the beam, falling on a photodiode. Beaulieu et al. [3] have analyzed such laser beam
deflection based systems used with cantilever probes. It is apparent and is also suggested by them that
in addition to the point at which the laser beam hits the cantilever, the slope also has to be taken into
consideration to determine the position where the ray gets reflected to. The slope of the cantilever
varies with position and as deflection changes, the point of reflection shift. However, with proper
choice of different parameters, it is possible to obtain a near linear relationship between Photo
Sensitive Diode signal and the actual deflection of the cantilever. Work has been done in determining
the sensitivity of a cantilever depending upon its length, stiffness of the contact surface and the shape
of the cantilever [4]. Stiffness of the contact surface plays an important role in determining the
sensitivity of the beam with respect to its shape. Two shapes of the beam were considered straight
(uniform) and “V” shaped. However, it was observed that for stiff materials, response of both the
shapes tends to converge. The beam deflection considered is quasi static in nature.

It is frequently observed that when a string/beam is oscillating, the vibrating parts are seen blurred.
This motion blur is highest near the antinodes and decreases as we approach the nodes. This
phenomenon is studied analytically by Slangen et al. [5]. When coherent light falls on an optically
rough surface, the grainy aspect detected is known as the speckle of the surface. The size of the
speckle depends on the focal length and the aperture diameter of the optical system, Speckle
interferometry is used to detect and measure such vibration mode shapes. Another technique of
measuring deflection of cantilever using optical method is developed by Wong [6]. He has used a CCD
camera instead of simple Photo sensitive strip. The lens of the camera is focused at a plane behind the
reflecting surface and the change in intensity of the light reflected on the camera is recorded to
measure surface roughness. Once the sensing is carried out, it is required to transfer the signals to the
analyzer. Use of onboard data recorder like EPROM is used as one of the options [7]. After the
completion of scanning, the chip is removed and the data can be retrieved using a decoder.

3. Properties and Function of PVDF

Shirinov et al. [8] report PVDF as low cost polymer pressure sensor. The output signal is of the order
of few volts and the circuit required for signal detection is fairly simple. The measurement accuracy is
usually limited by environmental conditions like temperature and humidity, as well as internal
variations like pyroelectric effects and creep. Creep however can be taken care of by pre-stressing the
composite in which the sensor is embedded. And if the environment is controlled, other variations can
be neglected. PVDF thus forms a good pressure sensor. Piezo film sensors are usually supplied in the
form of thin-film, typically ranging from 9 to 110 um thicknesses. Due to the small cross-sectional
area, a small load applied longitudinally along the plane of the film results in a very large axial stress
in the film.

The electrical charge that is generated in the PVDF strip is proportional to the change in the
mechanical stress [9]. If the sensor is bonded to the structure then the sensor output is proportional to
changes in surface displacement. Hence this material can be used to detect variations in structural
systems. Hua et al. [10] have discussed why PVDF film is better than other conventional health
monitoring sensors like strain gauge, linear variable differential transducers (LVDT) and clip gauge
from the point of view of external power supply.

The output response of the PVDF is proportional to the rate of change of the strain. The PVDF output
voltage, Vs (t) can be written as [11].
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V,(1)=6—2=G{K.}' {X] (1)

where G is the constant gain of the charge amplifier. [&¥is the global coordinate system
corresponding the spatial integration of a complex function over the surface of the PVDF film, Q(t) is
the charge accumulating in PVDF (which is a function of time) and {x'}is the strain rate within the
film.

The constitutive equation suggests the possibility of obtaining the measurement of the strain rate of the
PVDF attached to the surface of the vibrating cantilever structure by simply measuring the voltage

output of the PVDF film. The charge generated by PVDF is converted to voltage by a charge amplifier
whose details are given in Section 5.

4. Details of Pipe Crawler Vehicle
A pipe crawler vehicle as shown in Fig. 2 is designed with the specifications provided in Table 1.

Table 1. Specifications of the Pipe Crawler vehicle.

Parameters Values
Size Length: 370 mm, Width: 180 mm, Height: 160
Working speed 13.7 m/min
Driveling mode Double Motor
Electric Power Rechargeable Batteries 7.2 V
Wireless Frequency Apply to 2.4/5 GHz and Data Transmission

The vehicle is based on belt —driven translation mechanism. There are three basic elements in the
vehicle .The front section carries the payload like camera, obstacle avoidance system etc. The central
position drives the system as well as contains the processing unit containing microcontroller unit,
wireless module and motor drivers. The end part contains four rotating probes of spring steel with
embedded PVDF sensor.

Rotating probe
P

Fig. 2. Design of Pipe Crawler Robot.
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The probe is positioned at the back of the robot. The rotating probe consisted of cantilever beam and
PVDF film is fixed on the probe for the sensing as shown in Fig. 3. To control the cable of the rotating
probe, a slip ring is used. The movement of the rotating probe is explained in the following section.

Fig. 3. Rotating probe with PVVDF sensor.

4.1. Movement of the Rotating Probe

During tests, radius of the scanning tip is kept slightly less than that of the actual base radius of the
tube. Therefore, the beam does not slip over the base surface. Whenever an obstacle comes in the way,
the beam hits it, and starts bending, rubs over it and finally shoots out. The following series of figures
(Figs.4 & 5.) give an idea as to how this process takes place.

| .

Fig. 4. Sequence of steps showing the beam going past a typical obstacle. (1) Free beam approaching defect of
width 70 mm; (2) Beam starting to touch the defect; (3) Beam rubbing over the defect;
(4) Beam about to shoot off.

The angular velocity of the stepper motor determines the rate at which the probe runs across the
surface. Variation in the rate of scanning plays an important role when the strain is sensed by
piezoelectric materials. Unlike strain gauges, piezoelectric materials are dynamic in nature i.e. the rate
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at which they are strained strongly affects the nature and quality of signal that they produce. In the
simplest form, a piezowafer may be compared to a capacitor that displaces charge upon actuation.
Hence, faster/stronger actuation causes it to displace more charge and thus generate a stronger signal
and vice-versa. However , the angular velocity of the stepper motor should not be very high otherwise
it will not rub the surface of the defect.

Fig. 5. Test in PVC pipe of diameter 25 cm.

5. Rotating Probe in a PVC Pipe

PVDF generates a charge in response to a stress which can be converted to voltage and then amplified.
PVDF generates an output in the range of pico coulombs with very high impedance. It needs to be
transformed into a low impedance voltage signal, for processing the signal by standard measuring
equipment. Charge amplifier is designed and implemented for this purpose.

To amplify the small voltage signal obtained by the charge amplifier we have used an amplifier,
ADB8607A, with a gain of 100. The voltage output of the PVDF is captured into the microcomputer by
A/D converter. The main computer of the robot reads the data through serial transmission using an
RS-232 cable. The sampling cycle of the A/D converter is 0.01 seconds. The set of experiments are
performed to check the response of the PVDF film when the probe collides with the obstacles.

6. Experiments

All the experiments are performed on resting robot in a clean vinyl chloride pipe of 250 mm diameter,
as shown in Fig. 5. To imitate hollow cylindrical tubes with growths, inside the cylinder, pieces of the
rubber was fixed to create artificial projections. Experiments were performed with the setup as shown
in Fig. 6. The height, width, and separation between projections are represented as h, by, and p,
respectively.

The response of the sensor when it is subjected to a projection of width 10 mm and height 3 mm, 6 mm
and 10 mm respectively are shown in Fig 7-a,b and c.

The probe first touches the projection, then it bends, due to this bending which is shown in step 2 of
Fig. 3; strain is developed in the probe. The PVDF sensor fixed on the probe senses this strain and
gives voltage corresponding to the rate of change of strain, which is very high at the instant when the
probe first touches the defect and thus a peak is observed in all the three experiments. After the impact
it rubs the width of the defect and finally shoots out showing free vibrational response. When the probe
touches the surface of projection (bp), there is less voltage recorded. This is due to the fact that during
that time there is less rate of change of strain developed on the probe because the bending of probe
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almost remains the same when the probe first touched the surface of projection (shown in step 3 and 4
of Fig. 4). In all the three cases there is damping effect of vibration, this occurs when the probe shoot
outs of the projection.

Voltage produced [ 10 Volts)

5000
4500
4000
3500
3000

Cantilever
with sensor

Stepper
Motor

Center of
the curve

Fig. 6. A schematic of the moving cantilever probe against the obstruction.
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It is observed that the voltage recorded at the instant when the probe first touches the defect is the
highest at 10mm height. This is due to the reason that higher projection caused greater bending of
probe and thus a higher initial strain is developed and due to that a high voltage is recorded. The
vibration effect is the

highest in the case of 3mm projection because the higher height of the projection reduced the speed of
the probe and thus after shooting off from the projection, it vibrates with less intensity.

The peak voltage recorded for different height projections is provided in Table 2.

Table 2. Peak voltage value corresponding to height of projection for a constant width of projection as 10 mm.

Height of Projection(in mm) Peak Output Voltage(in mV)
3 2800
6 2873
10 3205

The response of the PVDF sensor when the probe rubs with projections of width 30 mm and 50 mm
are shown in Figs.8-a and b. The height for both projections was kept constant as 10 mm.
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Fig. 8. Plot of Voltage vs. Scanning Time for projection of height 10 mm
and (a) width 30 mm; (b) width 50 mm.

The change in width of the defect can be observed by observing the time elapsed between the instant
when the first peak in voltage signal is recorded and the instant when the vibration effect starts. During
that time duration, the probe rubbed the width of the projection. The recorded time instants of position
when the first rise in voltage is observed (T;) and start of vibration effect (T,) are shown in Table 3.
The difference of T, and T; is the time during which the probe rubbed the width of the projection and
is denoted as Ts.

The response of the probe when it is subjected to two projections in a rotation is studied next. Fig. 9-a
presents the voltage produced by PVDF vs. Scanning time for two projection of height 5 mm and
10 mm, width same as 50 mm. Fig. 19-b presents the voltage output for width 50 mm and 30 mm, for a
common height of 10 mm.
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Table 3. Recorded time instants corresponding to width of projection
for a constant height of projection as 10 mm.

Width( mm) T4(in sec) T,(in sec) T;(in sec)
10 1.45 1.56 0.11
30 1.60 1.99 0.39
50 1.06 1.55 0.49
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Fig. 9. (a) Voltage output for two projection of height 5 mm and 10 mm, width same as 50 mm;
(b) Voltage output for two projection of width 50 mm and 10 mm, height same as 10 mm.

Fig. 10 presents the results of the PVDF sensor output when successively five projections of height
10 mm and width 10 mm were uniformly placed on the circumference of the pipe.
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Fig. 10.Voltage output for five projections each of height 10 mm and width 10 mm.

It is observed from the Fig. 9-a that peak voltage due to defect of height 10 mm is greater than the
defect of height 5 mm. This suggests that the height of the projection can be estimated by observing
the peak voltage of the scanning results. In Fig. 9-b, it is shown that for the same height, when the
width is increased, there is a time elapsed between the voltage peak observed due to bending and start
of the vibration effect. This experiment suggests that the width of the projection can be estimated by
observing this time elapsed. In Fig. 10, there is a pattern that repeats 5 times, this is because of the five
projections on the surface of the pipe. The peaks are uniform as the projections were created at a
uniform distance.
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The response of the PVDF sensor is checked when it is subjected to projection of semicircle and
triangular geometry. Fig. 11 shows the bending of probe for these experiments. Fig. 12-a presents the
results of scanning with a projection of semicircle geometry with diameter 30 mm and Fig. 12-b
presents for Equilateral triangle with side of 20 mm.

Fig. 11. (1) Probe touching the semicircle type projection; (2) Probe ready to shoot off from top of projection;
(3) Probe touching the triangle type projection; (4) Probe ready to shoot off from top of projection.
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Fig. 12. (a) Voltage output for projection of semicircle geometry of diameter 30 mm; (b) Voltage output for
projection of Equilateral triangle with side of 20 mm.

Results shown in Fig. 13-a, b are pointing towards the property of PVDF sensor that it gives voltage
proportional to rate of change of strain. When the probe rubbed the surface of a semicircle, due to
change in surface, the probe experienced different bending and thus different strain and thus a plateau
kind of structure is obtained before the vibration effect starts. In Fig. 13-b, when the probe rubbed the
height of projection of triangle a voltage is produced at the very instant. Two peaks are observed
before the vibration. The first one is obtained when the probe touched the projection for the first time
and the other when the probe touched the top of the projection.
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7. Conclusion

The present work provides a useful insight as to how, without using very sophisticated setups, a simple
rotating probe with a PVDF film patch can be used as a fairly good sensor to sense finite sized
projections in a pipe. The width, height and spacing of such projections are reliably predicted by the
touch sensor. Further experiments can be carried out to check the response of the PVDF sensor with
different angular speeds of the probe. The voltage obtained by PVDF sensor can also be calibrated in
term of degree of roughness.
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