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New manufacturing processes for composite parts in the aerospace industry allow producing components 

of higher geometric complexity. Increased integration level is achieved at lower production costs, but 

with new inspection challenges to assess the part integrity. Phased array technology has shown superior 

performance and reliability, but these characteristics tightly depend on setting the correct focal laws that 

provide the high image quality required by a subsequent flaw evaluation process. 

Complex and variable geometry parts introduce difficulties in finding the right probe geometry and 

setting their optimal focal laws. In general, large CFRP components are inspected by means of automatic 

machines following predetermined trajectories, frequently by local immersion. In these common 

arrangements, small deviations in the probe�part geometry or changes in the part shape during the scan 

demand a re�evaluation of the focal laws to keep the image quality. Merely a displacement of 0.2 mm 

yields timing errors of 260 ns in water immersion, higher than one period of a 5 MHz signal, which 

affects focusing. On the other hand, 1º of misalignment leads to important amplitude losses with a water�

CFRP interface. 

This work describes an Adaptive Beamforming Technique (ABT) that uses the data from each image to 

modify the focal laws to correct uncontrolled changes in the part�probe geometry. Differently from other 

methods, ABT does not require extra trigger events or data acquisitions to adapt the focal laws and to 

keep optimum image quality along the scan. 

ABT is based on estimating the geometric deviations from the ultrasonic data. It is mainly intended to 

track small probe�part variations during the scan or progressive changes in the geometry of the inspected 

component. Moreover, it allows a simpler design of the transducer arrangement, which may be made of 

standard linear array probes. ABT automatically adjusts the focal laws to the actual geometry, within the 

physical limitations of the array probe, mainly aperture size and beam steering capabilities. 

Experimental results are shown for some complex geometry CFRP parts. It is demonstrated that ABT 

keeps the image in focus with normal incidence in planar and curved regions, with the good resolution 

provided by a well focused phased array. Moreover, ABT is a moderately fast and robust procedure. 

Keywords: Ultrasonic testing, complex geometries, algorithms, CFRP, automated inspection 
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Inspection of large, complex CFRP components is challenging due to the higher part 

geometric complexity to get reliable data. State�of�the�art CFRP manufacturing 

processes produce parts with non�uniform surfaces and curved regions. 
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In this context, some important goals for new UT inspection machines for the CFRP 

component manufacturing industry are the following ones: 

 

 � Flexible systems, adaptable to different component geometries 

 � Reduced mechanical and transducer sub�systems complexity 

 � Decrease the number of trajectories required for scanning 

 � Produce systems less sensitive to mechanical misalignments 

 � Get flaw detection with increased robustness. 
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The Adaptive Beamforming technique proposed in this work addresses the problems 

derived from complex part geometries. The objective is to build a system that adapts to 

probe�part geometric changes during the scanning process, by continuously computing 

the correct focal laws to keep the image well focused at all times. 

 

Besides, the approach tries to simplify the probe�holders design and transducer 

arrangements in order to be used in a variety of component configurations. In general, 

with the Adaptive Beamforming approach, a small set of linear array probes will be 

enough to inspect a diversity of component shapes. 
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The component to be inspected is defined by a set of parameters (group of curved and 

straight regions, with their corresponding nominal values). These parameters can be 

changed to describe the geometry of a different component. 

 

On the other hand, another set of parameters define the probes to be used (shape, 

number and spacing of elements, central frequency, etc.). These can be also modified to 

deal with different applications. 

 

Both sets define the nominal part�probe geometry to carry out the inspection. Given the 

inspection scenario, the array probe arrangement and the number of active elements are 

determined to achieve the required resolution, avoid grating lobes and keep high 

element sensitivity. Software packages have been developed to this purpose at the 

design stage. 

 

Once the parameters have been defined, the Adaptive Beamforming algorithm is able to 

self�adapt to variations in the nominal geometry, caused by slight probe misalignments, 

changes in the component shape or random deviations from nominal values. 

 

Besides, it is important to optimize size and number of probes in order to reduce 

mechanical complexity of the system, while keeping the required resolution for flaw 

detection with a high degree of robustness. Cost is also another point to consider in the 

inspection design stage. 
 

 



 

 

Fig. 1. A straightforward approach with a single linear array probe 

 

A straightforward approach such as shown in Fig. 1 for an example stringer component, 

although theoretically possible, will not fit these criteria. First, for 2 mm resolution, a 

large number of active array elements (~800) would be necessary to cover the whole 

part with normal incidence. Second, the high steering angle required for normal 

incidence on the slant faces may be difficult to achieve with conventional probes.  

Furthermore, high grating lobe levels and low angular sensitivity can be expected, 

unless the inter�element pitch is kept below half a wavelength (λ/2), which will further 

increase the number of elements. 

 

Using the developed design tools we found, for the stringer geometry above, that a 3�

probe array arrangement fulfils the requirements (Fig. 2). Some other arrangements are 

also possible using more probes or curved probes, but this is considered the most cost�

effective. 

 

First, element number and beam steering angles are kept within reasonable values for 

standard, commercially available array probes. Second, since steering angles are rather 

low, grating lobes are easily controlled. Third, since the number of array elements is 

limited, the cost of probes and electronics is reduced. 

 

 
Fig. 2� An alternative arrangement using three standard linear array probes. 

 

 



 

Fig. 3. Top: lab arrangement (left) and parameters defining the part geometry (right). Bottom: 

B�Scan image without focal law correction (left) and with focal law correction (right). 
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Fig. 3 shows a lab prototype to perform tests on a B�shaped stringer (top) and some 

results (bottom). In this case, a single probe tilted 30º is used to inspect half of the 

stringer, including the top, bottom and slanted planes and both curved regions with 

nominal parameter values. 

 

The B�Scan image shown at the left (distorted) was obtained with the array slightly 

misaligned. From this image, new focal laws were computed and programmed, 

obtaining the image shown at the right, where these misalignments have been corrected. 

This procedure is used to automatically correct deviations from the nominal probe�part 

geometry, due to variations in their alignment, part shape or others. Each image is used 

to compute the new focal laws for the next one, continuously adapting the beamforming 

process to the “current” geometry (in reality, to the geometry found in the immediately 

preceding acquisition). 
 

Algorithms to perform this process were developed in MATLAB, controlling the 

electronics in real�time. Fig. 4 shows the graphic user interface to set inspection 

parameters and the nominal focal laws computed for normal incidence at a spatial 

resolution of 2 mm for different array probe arrangements. 
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Fig. 4. Top: GUI to control the acquisition. Bottom: partial beams for different array 

arrangements using nominal geometry parameters. 

 

Figure 5 shows graphically the adaptive beamforming process. Starting with focal laws 

for the nominal geometry (Top�Center), a B�Scan image is taken. From this image the 

actual interface geometry is estimated by least squares. Adapted focal laws are 

computed for the new geometry to finally obtain the corrected image (Top�Left). 

 



 

Fig. 5� Process of adaptive beamforming beginning from top center (nominal focal laws). An 

image is obtained, which determines geometric deviations, adjusts the actual interface and 

computes the adapted focal laws to obtain the corrected image (top left). 

 

 

�
Fig. 6.� C�scan of a stringer with several defects. All are detected with the specified resolution 

(2 mm) in spite of the misalignment of the array probe with the part. 

 

Figure 6 shows C�scan images of this component with several artificial flaws. The part 

is scanned following a trajectory not parallel to its axis, so that continuous correction is 

required to detect all the flaws along the component length (~300 mm). Also, the part 

includes a shape variation near the centre. Both cause deviations from the nominal 

geometry, although their effects are not noticeable due to the adaptive beamforming 

algorithm. 
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Figure 7 shows another example of a 90º elbow of CFRP, with several artificial flaws 

that are also detected along the whole scan length despite of the probe�part 

misalignments. 

�

Fig. 7� Inspection results of a CFRP 90º elbow with adaptive beamforming. 
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One of the disadvantages of the previous approach is the high steering capabilities 

needed by the transducers. This translates into very low pitches and relatively large 

number of array elements. 

 

 

 

 
Fig. 8� Seven transducers approach. 

 

This alternative approach is based in a more conventional probe configuration. The 

omega profile is covered with seven arrays, three flat shaped transducers to cover flat 

areas and four curved shape transducers to cover the omega radius. 

 

This configuration minimizes the required beam steering angles by ensuring parallelism 

between the part and the array surfaces in all regions. Therefore, this solution is not so 

demanding in terms of pitch and number of elements. On the other hand, probe design is 

specific for each part, which results in a more complex and less flexible mechanical set�

up. Because there are some assumptions for the developed algorithms that are not 

accomplished in this case, modifications were performed to adapt it. 

 

Following these lines there are some results achieved using this type of transducers.



 

 

 
 

 

 
Fig. 9� Inspection results of a flat area with modified adaptive beamforming using conventional 

transducers (Top�Left) Experimental set�up (Top�Right) Nominal beams (Middle�left) B�Scan 

with 2.3º misalignment (Left�Bottom) Inner volume and back�wall C�Scans (Bottom�Right) 

corresponding B�Scan and C�Scan applying the focusing correction algorithm.. 

 

Figure 9 shows (top left) the laboratory prototype, using a flat shaped transducer with a 

suitable probe�holder to scan along the upper flat part of the B�shaped stringer. On the 

top right, the nominal beam inspection scheme is represented. In the middle a B�Scan is 

shown with 2.3º misalignment between the array and the part (left) and the result of 

applying the modified adaptive beamforming technique in this situation (right), where a 

delamination is more clearly seen. Four defects are now detected in the back�wall C�

Scan (bottom�right). 

 

Figure 10 and Figure 11, show equivalent results for the scanning of curved regions, an 

outer and inner radio respectively. 



 

  

 
Fig. 10� Inspection results over a curved area (outer radii) with modified adaptive beamforming 

using conventional transducers. (Top�Left) Experimental set�up (Top�Right) Nominal beams 

(Middle�left) B�Scan with 0.5 mm displacement between probe and part (Left�Bottom) Inner 

volume and back�wall C�Scans (Bottom�Right) corresponding B�Scan and C�Scan after 

applying the focusing correction algorithm. 
 

  

 
Fig. 11� Inspection results over a curved area (inner radii) with modified adaptive beamforming 

using conventional transducers. (Top�Left) Experimental set�up (Top�Right) Nominal beams 

(Bottom�left) B�Scan with 3 mm displacement between probe and part (Bottom�Right) 

corresponding B�Scan after applying the focusing correction algorithm. 

 



��������������

�

The proposed adaptive beamforming technique has several advantages, being the most 

important the automatic correction of unexpected misalignments between probe and part 

or small changes in the part shape along the scan. The latter eases the definition of the 

scan, since only a single set of initial nominal focal laws is required and the adaptive 

beamforming will correct them when the shape changes. 

 

Another advantage is the simplification of the probe arrangement, which can be chosen 

as standard linear or curved arrays. These can be mechanically adapted to different 

component configurations, not requiring different arrays for flat or curved regions. 

 

Most important, the technique provides a superior robustness with regard to 

conventional methods, where focal laws are fixed and defined for the nominal part 

geometry only, and hence, slight deviations can produce erroneous images. On the other 

hand, known geometric changes require programming different sets of focal laws linked 

to the scan position, which usually slows down the inspection process. 
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Adaptive beamforming provides new possibilities to reduce costs in the manufacturing 

processes of CFRP components. Increased robustness is achieved by keeping controlled 

the focal laws along the scan. Furthermore, inspection design and set�up is simplified by 

using of conventional linear arrays. 

 

The algorithms have been developed in Matlab (Mathworks Inc, USA), and have been 

tested in real�time with a phased array equipment. The obtained results encourage 

continuing the ongoing developments.  
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