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Abstract 
The inspection of 3D components requires overcoming the difficulties due to complex geometry, and generally 
assumes the use of a flexible phased array transducer. Indeed, such transducer allows proper fitting of the 
component surface and enables an electronic drive of the acoustic beam. The required delay laws to perform this 
drive are computed prior to the inspection, according to the component geometry and for a given inspection 
trajectory. However, in case of complex geometry, the delay laws can highly depend on probe positioning, which 
imply to consider and store a large number of delay laws to cover the inspection trajectory. Moreover, in case of 
improper knowledge of component geometry, the computed delay laws might be inadequate, resulting in poor 
inspection performance. A solution consists in using an instrumented flexible transducer, which can perform the 
local surface profilometry and compute in real time the adequate delay laws. Considering the robotized 
inspection of a nozzle weld with such a transducer, the study presents the different tools and steps of the 
methodology developed by the CEA. The first part focuses on a developed probe positioning tool, giving us the 
proper focusing parameters to use along the trajectory, while the second part considers the instrumentation itself: 
robot and probe supervision in order to properly perform the inspection. 
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1.  Introduction 
 
The inspection of complex component requires the use of an adapted transducer in order to 
overcome the coupling problematic caused by the surface geometry. Good results can be 
achieved locally with conventional TRL wedge, but as long as a trajectory is needed, the use 
of a flexible transducer becomes necessary. Indeed, such transducers allow proper fitting of 
the component surface and enable an electronic drive of the acoustic beam. 
 
However, unlike TRL wedge, the relative position of the flexible probe elements depends on 
the deformation undergone by the transducer. Therefore, for a given set of acoustic 
parameters, the corresponding delay laws will directly be function of the probe positioning on 
component surface. This may imply to store a large number of delay laws in order to cover an 
entire inspection trajectory, which is not always possible. Moreover, an improper knowledge 
of the component geometry will necessarily induce a loss of performance since the delay laws 
directly depend on this geometry. 
 
The solution consists in using an instrumented flexible transducer, which can perform the 
local surface profilometry then used to compute in real time the adequate delay laws. Their 
computation still requires the definition of aimed acoustical focusing parameters, which may 
vary along the trajectory. The CEA has thus developed a specific tool, which first determines 
the optimal probe positioning on the basis of component accessibility and resulting sensitivity 
to the researched flaw. Then, it returns a database from which the needed parameters for the 
delay laws can be computed along any given inspection trajectory. 
 
Considering the robotized inspection of a nozzle weld, the study presents the methodology 
and results of the developed probe positioning tool and its exploitation for proper flexible 
transducer supervision along a given inspection trajectory. 
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2.  Probe positioning tool: inspection parameters computation 
 
The computation of the needed inspection parameters arises from the use of the developed 
probe positioning tool, which first helps in defining the optimal configuration in regards of 
component accessibility and sensitivity to the researched flaw. Its operation is detailed here. 
 
2.1 Geometric definitions 
 
The tool first requires a geometric definition of the component, researched flaw and region of 
interest. A parametric definition was used to depict the nozzle of our study, its characteristics 
are described in Figure 1. The researched flaw consists in a 10x60mm (h x l) radially oriented 
notch around the secondary nozzle cylinder. The cylindrical coordinate system centered on 
the secondary cylinder axis was retained in order to describe transducer or flaw position. All 
following results will be presented within this coordinate system. 

 
Figure 1. Geometrical characteristics of the nozzle and coordinate system definition 

The study will consider a region of interest which spreads from -10° to +10° around the 
secondary cylinder with an extension of 60mm, that is to say the extension of the researched 
flaw. 
 
2.2 Determination of probe optimal positioning area 
 
The researched flaw and region of interest specified geometries can lead to several probe 
positioning areas on the component surface, depending on the manner in which the flaw is hit. 
Generally, the optimum of detection is obtained when the acoustic beam hits specularly the 
bottom of the flaw with an angle of 45° (Figure 2.a).  

 
 

Figure 2. Optimal flaw attack configuration resulting in favorable probe positioning (a), Optimal flaw attack 
configuration resulting in unfavorable probe positioning (b) 

Nozzle geometrical characteristics 
Primary cylinder ext. diameter 820.4 mm 
Primary cylinder thickness 61 mm 
Secondary cylinder ext. diameter 88.9 mm 
Saddle curvature radius 33 mm 



However, due to complex surface geometry, such configuration can lead to unfavorable probe 
positioning (Figure 2.b). Indeed, positioning the probe within the saddle or cone may be 
incompatible with the robotized probe positioning device. Furthermore, such positioning 
might be less effective for proper acoustic wave generation, resulting in a loss of sensitivity. 
In order to evaluate these two aspects, the probe positioning tool generates, for different 
attack angles, a probe positioning map and its associated sensitivity map. 
 
2.2.1 Probe positioning map 
 
The probe positioning information is obtained by firing a ray oriented with the considered 
attack angle, from the bottom of the flaw to the component surface. Depending from where 
the ray is fired within the region of interest, the probe can be positioned in different areas on 
the nozzle surface: primary cylinder, nozzle saddle, cone, etc...  
 
The positioning tool associates a specific color for each area in order to easily differentiate 
favorable from unfavorable configurations (Figure 3.a). For a given attack angle, the 
positioning colormap is represented within the region of interest in order to enlighten the 
potentially problematic areas (Figure 3.b). 
 

 
Figure 3. Colormap for the different nozzle surface areas (a), Example of probe positioning map generated by the 
tool, displayed within the region of interest on the internal surface of the nozzle (b) 

The probe positioning tool was used to generate, for different attack angles, the probe 
positioning maps. Two positioning maps can be obtained for a given attack angle, whether the 
flaw is hit on one side or the other. We will only consider one of the two since there are 
symmetrical in our problematic. Figure 4 below illustrates the results obtained for the 
considered attack angles: 25°, 30°, 35°, 40°, and 45°. 

 
Figure 4. Probe positioning maps obtained for various attack angles. The display is within the region of interest, 
colormap renders the corresponding positioning area on the nozzle surface. 



Since the nozzle saddle is considered as an unfavorable positioning area, the positioning map 
reveals a more favorable positioning configuration for small attack angles. Indeed, inspecting 
the region of interest with a 25° attack angle hardly require to impinge the saddle while a 45° 
attack angle always require to position the probe on the saddle. 
However, this result is obtained without any acoustical consideration and attack angles which 
deviate from the optimum 45° may lead to less effective sensitivity. In order to determine the 
best compromise, the probe sensitivity maps were computed. 
 
2.2.2 Probe sensitivity map 
 
The probe sensitivity map renders the manner in which a considered probe will be sensitive to 
a flaw located in the region of interest, in regards of its position. Depending on the probe and 
its focusing parameters used for the inspection, it can reveal low sensitive area where the 
detection of the researched flaw might be uneasy. 
For the sensitivity map to be computed, the region of interest is divided into a high number of 
points. At each point, a modelling is performed thanks to CIVA modelling tool: 

� A flaw with characteristics identical to researched flaw is positioned at the point. 
� Then, the considered probe is positioned on the surface in regards of the focusing 

parameters to assess.  
� CIVA performs a flaw response modelling in this configuration 

From each single flaw response, the maximum Ascan response amplitude is extracted and 
plotted to form the sensitivity map on the considered region of interest. 
 
In order to evaluate the best fitted attack angle for our application, the sensitivity maps were 
computed for the 25°, 30°, 35°, 40° and 45° angles. The considered probe is a 84 (12x7) 
elements transducer, working at 2 MHz with a global aperture of 32.6x26.5mm². The results 
of the sensitivity map computing are presented in Figure 5 below: 

 
Figure 5. Sensitivity map obtained for various attack angles. Reference (0 dB) is defined as the maximum of all 
combined map 

The results show an enhancement of the sensitivity with higher attack angle, even if an area 
remains less sensitive whatever considered angle. This reveals an unfavorable zone within the 
region of interest where inspection might be difficult to achieve anyhow, independently of the 
attack angle. 
 
Furthermore, 45° does not appear to be the optimum since an attack angle of 40° gives a more 
homogeneous sensitivity on the region of interest. This assumes unfavorable positioning 
configurations for proper acoustic wave emission arising from the 45° attack angle. 
 



The comparison of the probe positioning maps and probe sensitivity maps highlights the 40° 
attack angle as the best compromise between unfavorable probe positioning and best 
acoustical performance. This angle was thus retained for the computation of the inspection 
parameters 
 
2.3 Computation of inspection parameters: database generation 
 
The two first steps of the detailed methodology led to the determination of the probe 
positioning area and gave an optimal focusing setting on the flaw of 40°. In order to cover the 
region of interest, a logical approach would assume the definition of an inspection trajectory 
according to theses settings. Indeed, the needed focusing parameters could easily be computed 
along it, stored and used for subsequent probe supervision. However, this approach has 
several drawbacks, especially because the parametric model used so far for the nozzle can 
differ from the actual component geometry.  
 
In fact, if a light change of component geometry would not drastically change the results 
obtained from probe positioning maps and sensitivity maps, it would contrariwise invalidate 
the focusing parameters computed along the trajectory. Figure 6 illustrates this aspect: for the 
same considered flaw, the deviation angle to use differs depending on the profile. Moreover, 
the coordinates of the trajectory point to take into account is also changed. Thus, even the 
trajectory itself would not be valid anymore if a change of component thickness or geometry 
occurs. Because the nozzles cannot be considered as a perfectly machined component, since 
they undergo surface treatment such as grinding, this approach cannot be considered as 
satisfactory. 
 

 
Figure 6. Illustration of the consequence of imperfect knowledge of component geometry on focusing parameters 

If the hypothesis of perfectly known component surface cannot be ensured, the bottom 
component geometry can however be considered as constant since it doesn’t undergo any 
mechanical treatment. Thus, we can assume that the location of the region of interest within 
the component frame of reference (Figure 1) is perfectly known. 
 
The solution is not to consider a trajectory anymore, but a set of focusing points within the 
region of interest. That is to say, instead of considering P0 or P1 on Figure 6, the solution is to 
consider F0 which is the same in both cases. Each of these focusing points will refer to a 
potential flaw in the region of interest, and will be associated to a propagation vector (��� on 
Figure 6) defining the proper acoustic beam direction to hit it.  
 



This set of paired data (focusing point + propagation vector) forms the inspection database. 
The exploitation of the database will aim at determining which focusing point to consider 
depending on the probe position and deduce the adequate focusing parameters to use in order 
to hit it. Its operation is detailed further. 
 
To generate the database, the developed tool divides the region of interest as it previously did 
for the sensitivity maps, and computes the propagation vector of each point according to the 
retained attack angle (Figure 7). The tool also computes the coordinates of a second focusing 
point F1 (Figure 7, step 2), located slightly above the considered flaw top edge. This to enable 
the flaw characterization by performing later on a beam sweeping for diffraction echo 
detection. 
 

 
 
 
 

Figure 7. Steps for inspection database computation 

 
3. Instrumented flexible probe supervision 
 
The previous step aimed at determining a probe positioning area and computed an inspection 
database. The following explains how this database is exploited in order to perform the 
robotized inspection. 
 
3.1 Focusing point computation 
 
Assuming the robot is correctly calibrated into the component coordinate system, it can return 
the position of the probe center within this coordinate system, whatever its configuration. The 
purpose of the database built previously is to determine which area of the region of interest 
the probe is most fitted to inspect at its current position. 
 
The paired data which form the database are the coordinates of points (focal points) and its 
associated vector (propagation vector), thus defining a line. Each line reflects the best way to 
hit a specific flaw within the region of interest. The implemented process (Figure 8) consists 
in finding the nearest line from the current probe position, thus deducting which focusing 
point to consider. 
 
This approach overcomes the issues of improperly known component surface geometry since 
it is totally independent from it. The component surface can be totally arbitrary; the inspection 
database would always find the most suitable focusing point to consider. 
 



 

 
 
 
 
 
 
 

Figure 8. Methodology for focusing point determination. L1, L2, L3 and L4 form the inspection database, current 
probe position P is closest to line L2, thus defining F2 as the focusing point to consider. 

 
3.2 Delay Laws computation 
 
The computation of the adapted delay laws requires knowing the relative position of each 
probe element to the considered focusing point determined previously. This means that the 
coordinates of the focusing point and each probe element must be computed in the same 
frame of reference. The robot returns the position of the probe center in the component frame 
of reference, but the position of its elements cannot be directly deducted. Indeed, since we are 
considering a flexible probe, the relative position of its elements depends on the deformation 
undergone due to the component surface geometry. 
 
The computation of elements relative position can be achieved thanks to the profilometer 
integrated into the probe, which can perform local surface profilometry. The result of a 
profilometry measurement gives for each element, its differential height compared to the 
probe center (Figure 9).  
 

 
Figure 9. Illustration of probe profilometer operating mode. Output is relative to the central element height, 
within the probe frame of reference. 

In order to get the relative position of each element to the considered focusing point, the robot 
must also return the orientation of the probe in the component frame of reference. Indeed, the 
profilometer only gives the relative position of each element within the probe frame of 
reference. The robot is required to make the link between the two frames of reference. 
 
As it returns the probe center position, the robot will also return the probe orientation in the 
component frame of reference, giving the standard basis vectors (������, �������, ������). Combining this 



output with the profilometry measurement, the coordinates of each probe element can be 
computed within the component frame of reference (Figure 10). 

 
Figure 10. Computation of probe element coordinates within the component frame of reference 

Since the coordinates of aimed focusing point and probe elements are known in the same 
frame of reference, the adequate delay laws can thus be computed. Moreover, as the database 
associates to each focusing point F0 a second focusing point F1 (Figure 7), a set of delay laws 
can easily be computed in order to perform a beam sweeping between those two focusing 
points. This will allow corner and diffraction echoes detection in order to carry out 
characterization of the potential flaw. 
 
3.3 Inspection trajectory 
 
The developed approach enables the computation of adequate delay laws whatever probe 
position on the component surface and whatever component actual geometry. This means that 
the inspection trajectory can be arbitrary. However, an arbitrary trajectory will not necessarily 
ensure the entire coverage of the region of interest. Indeed, it should first of all be performed 
on probe positioning area computed on 2.2.1, and second of all consist in sufficient number of 
scans to ensure overlapping of the different acoustical beams on the bottom. 
 
Considering a regular meander trajectory, which is the most convenient trajectory for a 
robotized inspection, the CEA developed a tool [1,2] which enables the computation of its 
optimum angular step according to the probe minimum focal spot size. The probe minimal 
focal spot size is computed thanks to CIVA modelling while the developed tool evaluates 
different configurations in order to find the best compromise: the lowest number of scans that 
ensures entire zone covering. 
 
This resulting trajectory can be used to perform the inspection as well any other trajectory in 
regards of its corresponding coverage. In fact, the device could be used in “paintbrush” mode 
as soon as the sweeping cover the entire probe positioning area. 
 
3.4 Data analysis 
 
The data analysis subsequent to an acquisition does not necessarily need additional operations 
compared to a conventional inspection process. Since each acoustic firing is associated to a 
probe position and a focusing point position within the component frame reference, the 
resulting propagating ray can easily be drawn. Each beam sweeping can thus be represented 
directly in component 3D view, like conventional inspection acquisition. 
 



However, further information could be extracted. Indeed, an acquisition could help in 
rebuilding the actual component surface geometry since we can retrieve the 3D coordinates of 
the accomplished trajectory but also the results of profilometry measurement. This could also 
lead to real time 3D reconstruction of indication thanks to an automatic detection of coin and 
diffraction echoes combined with a spatial repositioning. 
 
4. Conclusion 
 
Considering the example of a nozzle, this study presented a developed methodology in order 
to achieve the inspection of components with complex geometry. Two main aspects were 
detailed. 
 
The first aspect concerns the use of a probe positioning tool developed by the CEA. This tool 
takes advantage of CIVA modelling and enables smart inspection planning by helping in the 
determination of the optimal inspection settings. The computation of probe positioning maps 
depicts the different probe configurations on the component according a given inspection 
setting, and are useful to identify unfavorable conformation in respect of robotized positioning 
device. On the other hand, the computation of sensitivity maps informs the manner in which a 
given inspection setting will be sensitive or not to the researched flaw. The comparison of the 
two maps gives the best compromise and thus the optimal inspection settings to use. 
 
On the basis of these settings, the tool builds an inspection database that will be exploited for 
further probe supervision. The approach used to build the database overcomes the issue due to 
improper knowledge of surface component geometry by replacing focusing parameters with 
optimal acoustical propagating direction and focusing point coordinates. 
 
The second aspect concerns the exploitation of this database for proper probe supervision 
while performing the inspection. The methodology takes advantages of the positioning data 
returned by the robot in order to determine the optimal focusing point of the database to 
consider, in regards of current probe positioning. The integrated probe profilometer provides 
the required information to compute the coordinate of each probe element and of the focusing 
point in the same frame of reference, enabling the calculation of the adequate delay laws.  
 
This approach has the significant benefit to be totally independent of component actual 
surface geometry and moreover, does not require the definition of an inspecting trajectory. 
However, the definition of a trajectory might be necessary in order to ensure the covering of 
the entire region of interest. To do so, the CEA has developed a tool which enables the 
computation of an optimal regular meander trajectory, more convenient for robotized 
inspection. Nevertheless, the methodology allows performing the inspection using 
“paintbrush” mode. 
 
The data analysis subsequent to an acquisition remains not more complex than conventional 
inspection data analysis. Furthermore, information retrieved from probe profilometer can be 
used in order to rebuild a 3D model of the component, giving its actual geometry. Also, a real 
time 3D reconstruction of indications can be envisaged thanks to an automatic detection of 
coin and diffraction echoes combined with a spatial repositioning. This is nonetheless yet to 
be developed. 
 
The exposed methodology remains generic and can as well be applied to complex component 
as on simpler geometries. 
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