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Abstract: Design and operation of a light reflection system for surface profiling is reported in this article. This
system consists of a double-fiber optical probe and a mechanical scanning system. In this arrangement one fiber
transmits the source light to the object surface and the second one transmits the light reflected off the surface
to a photodetector. By scanning the double-fiber probe assembly in one direction the reflection properties of
different plane surfaces are investigated. The reported system can be used to monitor the swface profile of
target surfaces made from metallic and non-metallic materials. Obtained results show that the reported method
can be utilized to obtain structural information from the object surface with different materials and coatings. The
variation of the background light for about 160 m sec scanning time is from 4.35 mV to about 4.75 mV that shows
a very good time stability of the detection system. Considering a typical signal value of 30 mV an average
signal-to-noise ratio of approximately 7 1s obteined for thus experiment. The reproducibility error 1s approximately
0.82% for the full scale measurements which is a good figure of merit. The reported opto-mechanical system
provides a simple method for the object shape study and determination of different surface structures through

the optical reflection momitoring,.
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INTRODUCTION

In recent years a variety of optical systems has been
reported in literature for different sensing applications
(Yuan et al., 2009, Babchenko and Maryles, 2007;
Baptista er al., 2006, Peng et al., 2005; Donlagic and
Cibula, 2005; Qiu et al., 2004). Some of the successful
optical designs are reported in which the intensity
modulation techmque is used m sensing operations
(Golnabi, 2002; Golnabi and Jafari, 2006, Golnabi et ai.,
2007 Golnabi, 2000, Golnabiand Azimi, 2007). The ease of
operation, cost factor and precise performance
requirements have led to the design of the plastic fibers in
a double-fiber probe arrangement (Golnabi and Azimi,
2008). Many advantages of the plastic optical fibers also
have resulted the application of all plastic double-fiber
design in different sensing schemes. Recently surface
profiling usmmg an optical design for small object 1s
reported (Golnabi, 2010). Dynamic range limitation on the
reported experiment described in that article motivated us
to introduce a new opto-mechanical design for surface
profiling of large objects which 1s more suitable for the
real field applications. In many optical systems
optical fibers are used to transmit the source light
for power delivery or image processing (Asadpour
and Golnabi, 2008, Jafari and Golnabi, 2008,

Haghighatzadeh et al., 2009, Asadpour and Golnabi,
2010). Some attempts have been made to accomplish the
light transmission in free space instead of using optical
fibers. For example there is a report on the effects of

second order dispersion in free space optical
commurication { Yap ef al., 2010).
Considering such lmitations i design, here

operation of the new opto-mechanical design is reported,
which operates based on a new scanning system. The
reported method can be used in a variety of applications.
This design implements a small double-fiber optical probe
that can be used for local and remote surface analysis,
which is required in many applications. In this study, the
application of such a method 15 given for the surface
monitoring of different plane object surfaces. In view of
the key elements of the system we report the main
features of the double-fiber design for the optimum
operation. Considering the obtained experimental results
notable progress 18 made in respect with the results from
the previous optical design (Golnabi, 2010).

MATERIALS AND METHODS

Development of the reported method, experimental
work and related computations are performed for the
period of 2010-2011 i the Institute of Water and Energy
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Fig. 1: Block diagram of the experiment. It mcludes a light source, a scannming double- fiber probe, a photedetector, a

digital voltmeter and a PC

of the Sharif University of Technology. The experimental
arrangement used in this research i1s shown m Fig. 1
which consists of a light source, a double-fiber probe
assembly, a mechanical translational stage, a stepping
motor, a stepper motor driver interface for scanning, a
photodetector, a digital multimeter and a PC for signal
processing and monitoring. The light source can be either
a coherent laser light, white or color LED or a white
filament lamp. As can be seen in Fig. 1, the optical part
comnsists of the light source a double-fiber assembly and
a light photodetector. A double-fiber design 1s used in
this set up in which in one end; two fibers are separated,
and they are attached to each other at the other end. The
double-fiber designs used in this modeling consist of a
pair of smmilar plastic optical fibers. As can be seen in
Fig. 1, a double fiber assembly is used in this modeling in
which in one end; two fibers are separated and they are
close to each other at the other end. The double-fiber end
1s mounted n a fixed holder assembly m line with the
reflecting target. The separated fiber ends can be
light source and photodetector
accordingly. More experimental details about the double-
fiber sensor designs can be found m other references
(Golnabi and Azimi, 2008).

The fiber tip holder is fixed on a double-rail
mechamcal stage that can be scanned in one direction by
using a stepper motor. For scanning purpose a smooth
double-rail translational stage equipped with two-end
micro-switches is used in this device. The dynamic range
of the electro-mechanical scanming system is about 60 cm
and offers an accuracy of better than 1 mm. A 200 step/rev

connected to the

stepping motor is used in this design for the scanning of
the reflection probe in the x-direction. This assembly
provides a simple and precise way to collect all the
reflected light even by using a small area photodetector.
A written MATLAB program is used to control the
stepper motor with the PC and two electro-mechanical
micro switches are used at the two limit pomnts of the
scanning range.

The light source used here is a white LED operating
at a supply voltage of 5 V. The Plastic Optical Fibers
(POFs) can operate successfully at visible wavelength
range and thus are used in this experiment. Some general
benefits of POFs are the simpler and less expensive
components, lighter weight, operation in the visible
wavelength range, greater flexibility, ease in handing and
connecting, and greater safety than glass optical fibers.
However, the high-loss problem is notable for POFs and
bemng addressed with the new perfluorinated polymer
materials which have brought losses down to potentially
10 dB km™". Because of the ease of coupling light from
light source, it is possible to embed the source and drive
electronics into the comnector housing, such as for
transceivers used m automotive and consumer products.
The POF used here are effective but, better fibers and a
better treatment of the fiber ends can improve the
coupling efficiency of the fiber to source, to surface under
study and finally to the photodetector. Since the cross
section of the fiber is large enough, therefore, the source
light is directly coupled to the fiber end.

A silicon photodiode (BPX 65 Centromnic) 1s used for
the light detection and conversion of optical signal to an
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electric one. Tt is reversed biased to 18 V and operates in
the photoconductive mode. The electric output signal of
this detector i1s connected to a digital voltmeter by a
coaxial cable. A digital Multimeter (SANWA Electronic
Instrument Co. LTD, PC 5000 DMM) is used for the
output voltage reading and data processing (0.1 mV
precision). The general specifications of this mstrument
are such that provides a 0.03% basic accuracy and
0.01 mV AC/DC voltage resolutions and equips with an
optional optical isolated interface port at the meter back
for data communication with a PC,

Methodology: Operation of the double fiber probe used
here is based on the intensity modulation of the light
reflected off the surface of an object. The reflection
concept of hight from a surface based on the geometrical
and physical optics can be derived. Here, for simplicity we
use the geometrical optics analysis. The image of the
transmitted light on the receiving fiber entrance plane
(1mage plane) 1s considered for analysis. In general three
cases can be recognized. First, when there is no crossing
between the two light cones (dead area). In this situation
detector recelve any specular/diffusion
radiation. Second, when there 15 a crossing between the
two cones (circles) of the beams, then crossing area can
change from zero to a maximum value of transmitter fiber
core area. Third, when the circle 1s totally inside the spot

does mnot

light or image circle, then the amount of beam crossing
(AS) is always a constant but intensity of the received
light in this area is decreased by increasing the distance
of the moving target plane. For a similar double-fiber such
as the one used here the core radius for two fibers are
equal. The reflected power, P, from the target plane to be
received by the receiver fiber 1s obtained by the relation:

P = pIAS (1)

where, T is the launching intensity by the transmitter fiber
at the target plane, p shows the reflection coefficient for
the target plane and (AS) the beam crossing as mentioned.
More details about the reflection theory can be found in
another reference (Jafari and Golnabi, 2010).

RESULTS

In the first experiment a fixed target surface is used
for the calibration of the scanmng system. For this
purpose the reflected signal for the surface as a function
of scanning time is obtained. Then by knowing the
interval time and scanned distance the speed of the
scanning probe 1s determined. The calibration result for

the tested scanner shows a scan speed of 1.97 mm sec™

for the tested range of 350 mm. The given calibration line
can be used to convert the scanning time into the
traversed distance for the scanming system.

All the experiments for a given light source for
different object surfaces are performed at the same
incident probe angle and illumination flux. For a better
comparison the double-fiber arrangement 1s horizontal for
all the experiments reported in this article. The scamming
of the reflection probe is from left to right for all the
reported experiments. The background signal when the
room light 13 on 1s about 30-40 mV but it can be reduced
by cutting the stray lights using a black cover on the light
sensitive portions of the system. The variation of the
suppressed background light is shown in Fig. 2 which
can be the limit of the signal detection for the reported
reflection results. As can be seen in Fig. 2, the variation of
the background light for about 160 m sec scanning time is
from 4.35 mV to about 4.75 mV that shows a good time

stability of the detection system used in this
experiment.

In the series of experiments performed here we briefly
describe the  total  reflection (specular and

diffusion reflection) signals for the typical metallic
and none-metallic surfaces. In the first experiment
reflections are recorded from three different plane
mirror surfaces. Figure 3 shows the reflection voltage
signals for the two surfaces coated with Al material and
the third one with the gold coating. As can be seen in
Fig. 3, the reflection signal for the Al mirror 1 is about
43.61 mV, for Al mirror 2 approximately 42.62 mV and for
the gold muror 1s only 14.92 mV at the given visible
wavelength range. Present result shows that the optimum
signal is recorded for the plane Al mirror 1 with the
highest reflection signal.
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Fig. 2: Background signal for the light detection system
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Fig. 3: Reflection signal from different mirror surfaces
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Fig. 4: Comparison of the reflection signals from different
color paper surfaces

In the next study, a similar experiment is performed
for the paper materials with different colors. The quality of
the paper material is in the grade of regular available
printing paper (A4 paper). The reflection voltage signals
as a function of paper color are shown in Fig. 4. For a
better comparison the reflected light signal from the winte
A4 paper is also shown in Fig. 4. As can be seen in the
bar graph plot the reflection signal for the white paper is
the maximum value (20.38 mV) and for the violet color is
the minimum of about 14.25 mV. Figure 4 clearly shows the
effect of the painting color since the surface materials are
almost made from a simnilar material.

Figure 5a shows the real photograph picture of a
3-hole Al piece. As can be seen in the picture in top part
there are three holes with a diameter of 6 mm. The probe
15 scarmed horizontally from left to night as the
illumination light height is about the center line height of
the Al piece. The scan length of the objectis about
60 mm and the physical size of the object can be
determined by using the scale shown i Fig. 5a. The
center line distance between the holes is approximately
20 mm. The surface quality for of the Al piece 1s just as
good as the final machined surface quality.
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Fig. 5. Recorded signal from a structured al piece (a)
photograph picture and (b) Reflection signal

The corresponding reflection signal for the part
Fig. 5a1s plotted n Fig. 5b. In Fig. 5b the reflection signal
is plotted as a function of the scan distance for a range of
5-75 mm. As can be seen some undulations are observed
1n the reflection response curve. As shown in Fig. 5b, for
the tested Al part with three holes the reflection signal
starts from a background voltage level of about 9 mV and
reaches to a maximum value of about 21.0 mV at scarming
distance of 15 mm and from that point on a periodic
response 1s observed. After the first maximum peak
corresponding to the regular Al flat surface the reflection
signal decreases to about 12 mV at a scan distance of
25 mm as shown in Fig. 5b. This voltage signal drop is due
to the presence of the first hole in the Al piece from left as
can be seen in Fig. 5a. A similar pattern is observed for
the reflection signals from the second hole and the third
hole.

For the second hole the mmimum n signal ocours at
about 40 mm and for the third hole at the scanning
distance of about 52 mm. The average distance between
the two minimums corresponding to the center-hole
distance of the piece which 13 15 mm. After the third
minimum as shown in Fig. 5b the reflection signal is
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maximum again (20mV at 72 mm) related to the flat part of
the surface at the end part of the piece. The reflection
signal as shown drops to the background level of 9 mV at
the scan distance of 75 mm which shows the end part of
the scanned Al piece. As can be seen there is a good
correlation between the real surface structure and the
obtammed reflection mformation. This point shows that the
reported method can be a good way to obtain structural
information from the object surface.

Figure 6a shows the real photograph picture of the
grooved-bronze piece. As can be seen in the picture in the
horizontal direction there are three flat parts while the
middle part has a deeper flat surface. The real size of the
each flat part and the groove can be determined from the
scale shown m Fig. 6a. The width of the first flat part is
6 mm, second grooved part 10 mm and the third edge part
is approximately 2 mm. The probe is scanned horizontally
from left to the right of the object as the illumination light
height 1s about the middle height of the bronze piece. The
scan length of the object 13 about 18 mm considering the
real size of the bronze piece shown in Fig. 6a.

The corresponding reflection signal curve for the part
of Fig. 6a 1s shown in Fig. 6b. Here, in a similar way the
reflection signal 13 plotted as a function of the scan
distance for a range of 0-30 mm. A careful lock at Fig. 6b
shows that two pronounced undulations are observed in
the reflection response curve. As can be seen m Fig. 6a,
the tested bronze piece has two edges and a groove in
between. The reflection signal for this piece starts from a
background voltage level of about 11.24 mV and reaches
to a maximum value of about 16.0 mV at scarming distance
of 11.76 mm and from that point a second maximum with a
reflection signal of 23 mV is observed at a scan distance
of 17.64 mm. The second maximum peak corresponds to
the grooved part of the surface in which it is adjusted for
the maximum reflection signal. As shown m Fig. 6b the
reflection signal decreases to about 16 mV at a scan
distance of 22 mm. The reflection signal as shown drops
to the background signal level of 11.76 mV at the scan
distance of 27 mm. As can be seen there 13 a good
correlation between the real surface structure and the
obtained reflection information from the experimental
results. This pomt mdicates that the reported method can
be a good way to obtain structural information about the
grooves and edges in the object surface.

Tn the last study, the reproducibility of the results for
the reported system 1s mvestigated. For this purpose the
results of two different measurements at similar
experimental conditions are plotted together in Fig. 6b.
As can be seen, the experimental data points for the given
tests are shown with the square and diamond symbols,
respectively. Considering the results there 15 a good

o)
- Bronze#1
22 = Bronze#2

Reflection signal (mV)

]0 T T T T T
0 5 10 15 20 25 30 35

Scan distance (mm)

Fig. 6: Recorded signal from a bronze structured step-
piece (a) photograph picture and (b) Reflection
signal

agreement between the measured reflection signals for the
two cases. For example, consider the observed deviation
for the maximum peaks occurring at 117.64 mm scamming
distance that 1s about 019 mV. The averaged
reproducibility error is approximately 0.82% for the full
scale measured value of 23.09 mV which is a quite
reasonable number in such measurements.

DISCUSSION

Experimental results reveal some points that are
discussed m more details in this section. As can be seen
in results, the respond cwrve includes valuable
information concerning the surface shape, small features
in the surface, material types and the surface coating
matenials. For example result shown mn Fig. 3 displays the
reflection results for different flat mirror surfaces. The
important point is that Al coated mirror is superior to the
gold coating mirror for the white light illumination.
Comparison of the other mirror surfaces with different
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coating materials at different light wavelengths is possible
by using the reported method.

Fibers core and overall size and as a result the fiber
lateral distance has a great impact on the double-fiber
probe sensitivity and dynamic range as described in the
previous reports and in agreement with the previous
findings. Fiber core radius and fiber overall size play also
important role in the maximum intensity and the
bandwidth of the respond curve of such a probe in
support of other reports (Golnabi, 2010, Jafari and
Golnabi, 2010). The dead region 1s controlled by
parameters such as fiber lateral distance, fiber numerical
aperture but fiber core radius has a little effect in thus
respect. Maximum place in the intensity curve 1s governed
mainly by the lateral distance and fiber numerical aperture
NA. Maximum peak value of the intensity curve is
governed mainly by the fiber core radius and numerical
aperture.

The reflection signals as a function of paper color 1s
shown in Fig. 4. As can be seen in the bar graph the
reflection signal for the white paper is the maximum value
(20.38 mV) while for the violet color 1s the mimmum of
about 14.25 mV. The result of Fig. 4 clearly shows the
effect of the painting color since the surface materials are
almost made from a similar material. As a result different
color surfaces can be distinguished by the reported
reflection measurement system i support of the previous
report (Golnabi, 2010).

As shown in Fig. 5, for the tested Al part with three
holes there 1s a correlation between the real photograph
pieture of the Al piece and that of the reflection
information. For example the presence of the three
symmetrical holes 1s recognized n the periodic pattern of
the reflection signal As can be seen there is a good
correlation between the real surface structure and the
obtained reflection information.

A similar observation is noted for the grooved bronze
plece. As displayed m Fig. 6, for the tested piece there is
a correlation between the real photograph picture of the
bronze piece and that of the reflection information. For
example the presence of the two flat edges and a groove
in between are recognized in the reflection signal. The
results of Fig. 5 and 6 show that the reported method can
be a valuable mean to obtain structural information from
the plane object surface as was the case for the small
curved surfaces described before (Golnabi, 2010). By
comparing the results for the mirror surfaces (Fig. 3), color
papers (Fig. 4) and metallic swifaces (Fig. 5, 6) as expected
it is noted that reflection signal for the mirror surface is
the lughest, next for the metallic surface and finally from
the color paper 18 the mmimum value for the white light

illumination. A similar signal variation is observed for the

same reflecting materials from curved surfaces
(Golnabi, 2010).

The reproducibility in results, detection noise level,
and the time stability are important factors for any light
detecting and monitoring system. The varnation of the
suppressed background light 1s described in Fig. 2 which
can be the limit of signal detection for the reported
system. As can be seen in Fig. 2, the variation of the
background light for about 160 m sec scanmng time 1s
from 4.35 mV to about 4.75 mV that shows very good tine
stability. Considering a typical signal value of 30 mV a
direct signal-to-noise ratio of approximmately 7 1s obtaimned
for this expenment. In the last study, the reproducibility of
the results for the reported system 1s mvestigated. There
is a good agreement between the measured reflection
signals for the two different runs. For example the
observed deviation for the maximum peaks occurring at
117.64 mm scanmng distance 1s about 0.19 mV. The
averaged reproducibility error is approximately
0.82% for the full scale measured value of 23.09 mV
which 13 a good figure of merit in such measurements

(Golnabi and Azimi, 2008).
CONCLUSION
The flat shape surfaces of the metallic and
non-metallic objects were investigated by the new
optical method.  Useful different
surfaces 1s given here and it 1s shown that reflection data
can be used in surface profiling. Present results
show that reflecting signals can provide information
about the structure of the surface and in particular, can
provide information about the shape and structure of the
object surface under study. By experimenting different
object swrfaces it is noticed that the reflected signal
depends on both the axial position of the object surface,

information for

surface curvature and the double-fiber arrangement
probing distance. Using this techmque one can extract
information concerning the shape or physical properties
of a swface under study and as a result swface
structures, steps and existence of a reflecting layers or
coating on a surface can be recognized with a high
accuracy.
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