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An Innovative Tool for Detection of Small Notches
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Abstract— In this paper, the authors introduce an innovative
and complete tool for the automatic diagnostic and detection of
small notches on analyzed components. The tool is based on the
analysis of the data of a nanocomposite optical sensor accurately
moved by a robotic arm, whose gripper catches and moves
the optical sensor, for scanning without contact the external
surface of mechanical components. The recent optical sensor is
composed of an optical fiber source made up of a nanocomposite
material, and it allows detecting the characteristics of the target
by monitoring the backscattered light. The innovative tool here
presented is based on the analysis of several experiments carried
out, considering small notches of different lengths. The proposed
algorithm, together with the used device, is able to point out the
presence or not of a small notch on the scanned component
and also to estimate with a good precision its length and
position.
Index Terms— Non-destructive diagnostic strategy, quality
control, mechatronics, optical device, nanocomposite materials,
robotics, measurement.

I. I NTRODUCTION
AMAGE detection based on automatic non-destructive
techniques is an attractive field of research with several
potential applications in the industrial world. The possibility of
detecting very small notches (dimensions of few millimetres)
becomes strategic for ensuring a continuous health monitoring of mechanical components. At this proposal, interesting
possibilities were recently shown in [1] and [2] by using the
dynamic shapes measured by a triangular laser sensor [1] and
the data carried out by a tactile pressure sensor [2], respectively. In this paper, a different technology based on a novel
nanocomposite optical sensor (its patent is registered in [3])
is considered. This technology has the advantage of being
very quick for each scanning (differently from the long-time
requested in [1]) and of being without contact (differently from
the tactile pressure used in [2]). Moreover, in the last years,
optical systems are becoming strategic in many applications
and the possibility of using nanocomposite materials [4], [5]
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has permitted to realize miniaturized devices used in several
applications. Recently, the authors [6] characterized the new
optical sensor and tested it with the aim of recognizing
3D features of objects, detecting their shape and different
colours [6] by scanning the objects by a robotic arm. The
new optical sensor (which characteristics and technological
are shown in [6]) is composed of an optical fiber sheaf
receiver and a PDMS-Au tip; it is based on the evaluation
of the radiated optical field opportunely amplified by gold
nanoparticles embedded in a Polydimethylsiloxane (PDMS)
polymer film [7], [8]. The PDMS elastomer is made by
blending a curing agent with a weight ratio 1:10 respect to the
base monomer. The nanocomposite PDMS-Au is composed by
creating nanofillers (gold nanoparticles) in the PDMS matrix in
such a way to improve a modification of the optical properties
in opportune bands of frequency.
The information about the detection of the analysed component is in the optical reflectivity of the same object depending on the excitation frequency band and on the effective
complex refractive index that depends on the metal concentration [9], [10] and it does not require fluorescent agents.
Furthermore, the optical signal is enhanced at the output of
the source fibres and enhanced at the input of the receiver
fibres (double enhancement) with a large numerical aperture
(large area of detection).
In this paper, a new challenge will be tested by using the
new optical sensor: the possibility of automating detecting
small notches on a mechanical component (beam). In order
to recognize the presence and extension of notched on the
analysed component, the sensor is placed on the gripper of
a controlled robotic arm in such a way that optical sensor
can be automatically moved and starts the measurement
process only after achieving the desired end-effector position
and orientation. The same movement scanning system was
previously used for ultrasonic measurements in spatial
reconstructions [11] and other applications [12].
Several experimental tests were conducted by scanning
the same beam without notch and with notches of different
lengths. The sensor output signals were conditioned and
analysed for pointing out a complete algorithm able to predict
the presence of a damage, its localization and its extension.
Preliminary results related to a notch of length 7 mm are
shown in [13]; in the present paper, a complete tool applied
to the results of notches of various length (from 1 to 7 mm)
is presented and discussed.
The results are very encouraging and the proposed tool
demonstrates its ability to detect with a good accuracy the
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Fig. 1. (a) The optical sensor tip. (b) Scheme of the basic principle of optical
object recognition.

presence of small notches and their location and position inside
the scanned beam.
II. O PTICAL S ENSOR : T ECHNOLOGICAL
A SPECTS AND BASIC P RINCIPLES
The optical sensor is based on the detection of the radiated
optical field enhanced by gold nanoparticles embedded in
Polydimethylsiloxane (PDMS) polymer film as fully described
in [3], [7], and [8]. The PDMS elastomer is considered a good
stabilizing/reducing agent of gold precursor that permits the
generation of gold nanoparticles immediately by the chemical
reduction process happening at room temperature. In the
considered prototype, a tuned gold nanoparticles concentration was established in order to support the electromagnetic
coupling due to the light scattering. In the specific case,
a chloroauric acid salt was used as gold precursor (see details
and concentration of the solution in [2]). The proposed sensor
is shown in Fig. 1 (a) and (b). In Fig. 1 (a) it is evident the light
emitted by the tip of the sensor; in Fig. 1 (b) the basic principles of the optical system are explained (as already described
in [2] and [3]). For clarity, the main basis characteristics of the
optical sensor are briefly resumed in relation to the scheme in
Fig. 1(b): a central multimode input fiber is coupled to a light
source; the light is enhanced by a PDMS-Au nanocomposite
tip; the enhanced light is backscattered by the target object;
the backscattered light is enhanced again by PDMS-Au tip and
coupled by a receiver optical fiber bundle arranged around the
central fibre. The information about the detected object is in
the optical reflectivity of the same object as mathematically
demonstrated in [2] and [3]. The optical signal is enhanced
at the output of the source fibres and again enhanced at the
input of the receiver fibres (double enhancement) with a large
numerical aperture (large area of detection).
III. U SING THE S ENSOR FOR S CANNING A M ECHANICAL
C OMPONENT: E XPERIMENTAL S ETUP
In the experimental tests, the optical sensor has been
mounted on the arm pincer (see Fig.2), whose position and
orientation are achieved by using an inverse model, which
calculates the possible sets of joint angles corresponding
to the desired gripper position as described in detail
in [6], [12], and [13]. This is an important step for using
the robotic arm in the measurement process with the
optical sensor. The implemented algorithm code, based

Fig. 2. The used robotic arm to move the optical sensor and a flow-chart
to obtain the joint variables (ϑ0 , ϑ1 , ϑ2 ϑ3 ) from the end-effector desired
position (x4 , y4 , z4 ) with orientation φ.

on trigonometric equations and sketched by a flow chart
appended to Fig. 2, after calculating the rotation angles of all
the joint motors, named respectively (ϑ0 , ϑ1 , ϑ2 ϑ3 ) starting
from the base, through the equations of the kinematic inverse
model [6], [12], [13], converts their values in addresses and
sends the serial data to the controller. The inverse kinematics
makes easily possible the positioning and the movement of
the arm end-effector and, consequently, of the optical sensor;
the driving algorithm was opportunely designed to explore
trajectories and to implement the inverse kinematics defining
the succession of target points of the gripper of coordinates
(x4 , y4 , z4 ) and its orientation φ.
The experimental setup realized for the damage detection
is depicted in Fig. 3 and in Fig. 4 where the optical sensor,
the robotic arm, the photo detector, the lamp source, the
acquisition and conditioning boards may be recognized and
a mechanical beam (coloured in white) is present with some
small notches on its surface.
In order to ensure a precise alignment, the robotic arm base
is placed on the table with four screws (Fig. 4); the table
is constrained to the frame which keeps a panel fixed and
parallel to the yz plane indicated in Fig.4. The analysed beam
is attached at the panel in such a way that it lies in parallel
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Fig. 5.
Fig. 3.

A detail of the notch on the beam surface.

The scanning of the robotic arm on the beam.

Fig. 6.
Fig. 4.
system.

The S-type trajectory.

The experimental set-up and the considered Cartesian reference

to the y axis; the scanning action may be realized moving the
optical sensor in parallel to the beam surface and saving the
data of the sensor and the corresponding position.
Other important aspect, fully described in [6], is related
to the necessity of including, in the experimental setup, an
appropriate amplification board (visible in Figs 3 and 4) whose
main integrated circuit consists of a single-supply operational
amplifier, the MCP602 which utilizes an advanced CMOS
technology. The amplified sensor output is then acquired by the
National Instrument NI-6211 acquisition board (Figs 3 and 4)
and thus transmitted to a computer for successive digital
processing.
Moreover, as fully described in [6], the acquired sensor
output signal is affected by noise; in order to tackle this
problem a digital IIR low-pass filter with a cut-frequency
equal to 20 Hz has been implemented designing a dedicated
algorithm because of high frequency electrical disturb noted
in the preliminary tests. The filtered data [6] have, in each
measurement position, a constant value very close to the
median value of the original signal that may be considered
as the result of the measure process.
In Fig. 5 a detail of the profile of a notch (width of 7 mm
and depth of 2 mm) accurately realized on the beam with
an electric fretsaw and a following glass paper final touches.

The optical sensor place on the arm end-effector is placed in
front of the beam to analyse and it is moved in parallel to the
beam surface.
IV. E XPERIMENTAL T ESTS
The results [6] of the sensor prototype, showing the possibility of recognizing features of objects and the preliminary
results 13] related to the visual detection of a notch of
length 7 mm, suggested the author to organise an extensive
experimental campaign for providing a complete novel automatic strategy for the diagnostic and the damage detection of
mechanical components.
At this aim, the experimental setup previously described, has
been used for scanning moving the sensor along a S-type trajectory, as shown in Fig. 6. This choice is significant because
it permits a spatial identification of the notch, associating the
different levels information to the presence of not of the notch.
During the distance covered, the robotic arm automatically
stops (i.e. in the circle positions indicated in Fig. 6) with a
prefixed step and the optical sensor communicates to the acquisition board the voltage signal. A specific algorithm created for
this task automatically manages all the process. The data collected in the positions are then elaborated in such a way to be
ordered in the three levels with respect to the starting position
along the x axis indicated in Fig. 4. So all the tests will present
three different series of values referred to the three levels of the
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Fig. 8.

Fig. 7.

Scanning results: test NNb.

The notches created on the beam.

S-type trajectory (named from the top to the bottom first line,
second line, third line in the following); the vertical distance
between the different levels is fixed at 2,5 mm).
Moreover, four different notches of different widths were
appositely realized with an electric fretsaw. In Fig. 7 the four
different notches, all extending along the entire height of the
beam and with depth 2 mm, are depicted. The widths of the
four different notches (Fig.7) are 1, 2, 3, 7 mm respectively.
The optical sensor place on the arm end-effector may be placed
in front of the beam to analyze and it is moved in parallel to
the beam surface.
In order to evaluate the device ability to detect the notches
an extensive experimental activity was planes; preliminary
tests were also carried out considering a part of the beam
without notch for comparing the data with the part corrupted
by the notches. In order to clearly distinguish the different
tests, the nomenclature of the tests will be directly connected
to their typologies. The two tests related to the part without
notch (No Notch) will be named ‘NNa, NNb’ (No Notch); the
tests referred to the damaged part, are named ‘Nxy’, where
x is the notch length (1, 2, 3 or 7) and y is the letter
corresponding to the test (a, b, c and so on). The robotic arm
was appropriately driven to let the sensor follow the snake
path illustrated in Fig. 6. The snake path is a trajectory lying
on a plane parallel to the yz plane indicated in Fig.4 in such
a way as to maintain a minimum distance from the sensor
to the beam of about 11 mm. The snake path trajectory here
considered has a length of 16 mm for each level in order
to avoid undesired change of orientation of the robotic arm
end-effector. In [6] and [13] it was demonstrated that for a
trajectory of 16 mm the used robotic arm is able to avoid
eventual distortion of the sensor due to the kinematic for
achieving the desired position. Two tests for each configuration
were carried out with a step of 1 mm (17 points for each level);
when tracking the middle horizontal segment of the snake
the acquired data were suitably reversed and associated to the
corresponding angular positions because of the inverse motion.

Fig. 9.

Scanning results: test N7a (step 2.0256 mm).

Fig. 10.

Scanning results: test N7d.

Moreover, for the case of notch of 7 mm, other two tests
with a different step size (step 2.0256 mm, 9 points) named
N7a and N7b were carried out in order to evaluate the
influence of the step amplitude. The notch starts at the position
10 mm from the starting point, except for the tests with
notch 7 mm (N7a, N7b, N7c, N7d) where it starts at the
position 6 mm.
The results of some scanning processes, showed
in Figs. 8-13, are referred to the tests NNb, N7b, N7d,
N3a, N2a, N1a respectively; similar trends were obtained
with the other tests.
It is evident that, for each level, there are significant changes
in the voltage level corresponding to the extension of the
notch; only in the tests without notches (NNa/b tests) there
is no this significant change. Every scanning line, may well
detect the presence of the notch, highlighting an evident
decreasing of the voltage corresponding to the position of the
notch. The light difference between different levels of the same
test depends from the different orientation of the gripper at
the different levels that provokes a different inclination of the
sensor optical ray.
In all the tests, it is evident that a visual inspection of the
scanning plot may easily detect the presence of the irregularity
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TABLE I
S TANDARD D EVIATION OF THE E XPERIMENTAL D ATA

Fig. 11.

Scanning results: test N3a.

Fig. 12.

Scanning results: test N2a.

Fig. 14. Median (σ ) of all the considered tests compared with a threshold
value (dotted line).
Fig. 13.

Scanning results: test N1a.

on the beam surface on the three levels, especially when a
sufficient accuracy (step 1 mm) is considered.
V. P ROCEDURE FOR THE DAMAGE D ETECTION
In order to define a general procedure for automatically
detecting the presence or not of the notch on the scanned
area of the beam the standard deviation σ defined by (1)
has been calculated for of all the voltage values of each
level. This parameter has been considered as a good
indicator of the irregularity of the scanning data and,
consequently, of the presence of damages on the considered
area.


n

 1

·
(yi − y)2
(1)
σ =
n−1

The results shown in Table I are very interesting because
they clearly show that the data statistical analysis differentiate
the tests related to the integer are of the beam (NNa and NNb)
respect to all the other tests. In particular, considering the
MEDIAN (σ ) values in the last column, it is quite simple to
define a threshold value able to discern between the scanning
of the integer area with the scanning in the area where a notch
was present.
In Fig. 14 the MEDIAN(σ ) values of all the tests are depicted
and a threshold of 0.003 has been represented (dotted line);
the comparison of the MEDIAN(σ ) with the threshold value
may easily indicate the integrity of the analysed beam area
(value lower than the threshold) or the presence of a notch
(value bigger that the threshold). For all the 12 performed
experiments, the proposed strategy has a percentage of 100%
of success of detecting the presence of small damages on the
analysed structure.

i=1

In (1) yi is the voltage value, ȳ the average value for each level
of scanning and n equal to 17 except for tests N7a and N7b
where it is equal to 9. The list of the calculated σ for all
the experimental tests is shown in Table I. In last column the
average value MEDIAN(σ ) of σ respect to the three levels of
the scanning of each test.

VI. G ENERAL A LGORITHM FOR THE N OTCH
L OCALIZATION AND Q UANTIFICATION
A further challenge of our research is related to the possibility of localizing and quantifying the notch by using the data
of the scanning realized with the proposed device and optical
sensor.
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Fig. 15.
Plot of DY for the test N7a (notch position: [6-13],
step 2.0256 mm).

Fig. 19.

Plot of DY for the test N1a (notch position: [10-11]mm).
TABLE II
E STIMATED B EGINNING OF THE N OTCH [mm]

Fig. 16.

Plot of DY for the test N7c (notch position: [6-13]mm).

TABLE III
E STIMATED L ENGTH OF THE N OTCH [mm]

Fig. 17.

Fig. 18.

Plot of DY for the test N3a (notch position: [10-13]mm).

Plot of DY for the test N2b (notch position: [10-12]mm).

For that, considering the physical effect that the notch could
cause on the optical sensor that moves in a parallel way to the
surface, it has been considered, on the scanning data for each
level, the (n−1) length vectors of the differences DY defined
as in (2).
DY = [y2 − y1 , y3 − y2 , y4 − y3 , ........., yn − yn−1 ]

(2)

The vectors DY are very sensitive to the presence of discontinuity (notch) on the acquired data; the plots of the vectors of
the differences related to the tests N7a, N7c, N3a, N2b, N1a
are shown in the Figs 15-19.

It is evident, as it was expected, that the vector of differences DY is extremely sensitive to the variation connected
to the notch detection. So, the approach here proposed takes
advantage from this observation; it automatically detects the
beginning of the notch by considering the position where DY
is minimum. Moreover, the extension L of the notch may be
evaluated considering the space scanned between the minimum
and the maximum of DY.
The results of all the experimental tests about the position of
the beginning of the notch and of its extension with respect to
the three considered levels of scanning respectively, are shown
in the Tables II and III.
The results shown in Tables II and III are very good and
encouraging. In all the experiments, the localization of the
notch and the quantification of its length is successfully
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detecting the presence, defining the position and the length of
a small notch by using the proposal device with a no-contact
optical sensor. The inputs of the flowchart are the scanning
data. The procedure, after evaluating the presence of a damage
by comparing the MEDIAN(σ ) indicator with an opportune
threshold (0.003 in our case), is able to evaluate the position
and the length of eventual notches by calculating and analysing
the vectors DY for each level of the scanning. Finally,
a complete profile of the notch is automatically reconstructed.
There is to underline that, applying the procedure to all the
experiments carried out, the percentage of success in detecting
the damage is 100% and the localization and quantification of
the notches show very low errors. The main constraint of the
proposed approach seem to lie only in the accuracy of the
positioning of the robotic arm moving the sensor.
VII. C ONCLUSIONS

Fig. 21.

Flow-chart of the proposed tool.

realized with a good accuracy respect to the real scenario.
Of course, when the notch is very small (case 1 mm)
and it becomes comparable with the step of the scanning,
some more uncertainties appear in relation to the estimation
of its length and the damage is a little over estimated
(conservative strategy). In addition, a bigger scanning
step (case N7a and N7b) lightly decrease the accuracy of
the localization and the damage quantification. A visual
observation of the notch length estimation in comparison
with the real notch length (dotted line) is shown in Fig.20.
The trajectory considered for the scanning permits to have a
complete profile of the notch on the 3 different levels.
Finally, the authors created a complete algorithm based on
the previous observation. The procedure is depicted in the
flowchart in Fig.21 that expresses a complete procedure for

An important recent field of research is related to the
extraction of useful data from the operating environment by
means of optical sensors. The authors have recently realized a
new device consisting in an innovative optical sensor moved
by means of a robotic arm. The like-eye sensor may scan an
object in an opportune range of distances and it may acts as a
proximity sensor. In this paper, the innovative device has been
tested in order to detect millimetre notches, almost non-visible
for the human eye especially in not-well lighted environments,
on the surface of a mechanical component such as a beam or
coatings. Several experiments permitted to prepare a complete
procedure not only for the detection of an eventual damage,
but also for its accurate localization and quantification.
Under this aspect, the procedure and the device appear to
be an intelligent tool for automatic diagnostic.
Further developments of this research will be oriented
towards the detection of new shapes of cavities that could
be scanned, such as notches characterized from an irregular
geometry or components that require a complex scanning
trajectory. An accurate matching between sensor sensitivity
and precision of the mechanical system is necessary in such a
way as to evaluate the diagnostic capabilities in each practical
context, including accurate detection of irregular damage profiles. The experimental results are surprising and encourage
the application of the proposed procedure in the diagnostic
field.
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