
 

 
 

International Workshop 
SMART MATERIALS, STRUCTURES & NDT in AEROSPACE 

Conference 
NDT in Canada 2011 

    2 - 4 November 2011, Montreal, Quebec, Canada 

 
 2011 CANSMART CINDE IZFP 

 
ADVANCED PHASED-ARRAY TECHNOLOGIES FOR ULTRASONIC 

INSPECTION OF COMPLEX COMPOSITE PARTS 
 

D. Hopkins1, G. Neau1 and L. Le Ber2  

 
1BERCLI Corp., Berkeley, CA 

deborah@bercli.net, guillaume@bercli.net  
2M2M, Les Ulis, France 
l.leber@m2m-ndt.com 

 
 

ABSTRACT 
 
     Examples are presented that demonstrate how the latest advances in phased-array technology 
are being used to overcome the challenges in inspecting complex composite parts.  These chal-
lenges include attenuative materials, complex geometries, changes in geometry with length, 
changes in thickness in regions of ply drop off, and part-to-part variation.  Advances in hardware 
include a low-frequency system (50 kHz to 5 MHz) for strongly attenuative materials; massively 
parallel systems to meet demands for ultra-high-speed inspections, and flexible probes that con-
form to contoured parts.  So-called “smart” flexible probes utilize embedded displacement sen-
sors to measure the surface contour.  The focal laws are then adapted in real time to account for 
the geometry, maintaining the focal point at the desired position.  Advances in data acquisition 
and signal processing include high-resolution imaging techniques such as the Total Focusing 
Method.   
     A very recent development is Self-Adaptive ULtrasound (SAUL).  In this case, the specimen 
shape is measured from the front-surface echoes, and is then used to adapt the focal laws in real 
time to create a shape-corrected B-scan.  The method can therefore account for changes in ge-
ometry on the fly, greatly easing the inspection challenge posed by complex parts.  The SAUL 
technique is also extremely useful in its ability to correct for probe misalignment, which is par-
ticularly important for shaped arrays.  Measurements with a radial probe demonstrate that the 
SAUL technique can greatly reduce the sensitivity to probe position.  SAUL therefore offers a 
cost-effective solution for addressing the variability in parts and probe alignment that are typi-
cally encountered in production environments.  Moreover, excellent results have been obtained 
using SAUL with a linear array to inspect tubular and curved parts.  SAUL therefore not only 
improves detection and sizing of defects in complex parts, but also stands to reduce inspection 
costs by increasing the functionality of linear probes. 
 

Keywords:  Ultrasonic Phased Array, Ultrasound Testing , Imaging, Composite Material, Simula-
tion Software, Inspection, Nondestructive Evaluation, Flexible Probe, Adaptive Focusing. 
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INTRODUCTION 
 
     Improvements in manufacturing technologies are allowing production of increasingly com-
plex composite parts (see Figure 1).  This capability allows designers to design parts with geome-
tries that are optimized for strength, assembly, and overall performance.  These complex geome-
tries do, however, create inspection challenges.  For example, changes in material thickness and 
geometry with length complicate both manual and automated inspections, and it can be difficult 
to achieve acceptable defect detection and sizing in tight radii.  In addition, part-to-part variation 
can complicate automated inspections.  For ultrasonic testing, composite materials can be very 
attenuative, increasing the challenge of inspecting relatively thick parts and limiting the ultra-
sonic frequency that can be used.   

 
 
 

  
 

Fig. 1:  Examples of complex composite aerospace structures. 
 
     A tremendous advantage of phased arrays is the ability to customize probes and inspection 
strategies for individual applications [1 ,2].  The examples below demonstrate how the latest ad-
vances in phased-array technology are being used to overcome the challenges in inspecting com-
plex composite parts.  Among the recent advances in phased-array technology that may be em-
ployed are flexible probes that conform to contoured surfaces, high-resolution imaging tech-
niques and self-adaptive focusing methods that allow the delay laws to be modified on the fly to 
account for geometry and part-to-part variations.  The most advanced phased-array systems also 
utilize 3D data visualization to ease interpretation of results and to maximize versatility. Togeth-
er, these techniques are greatly improving detection and sizing capabilities for parts with com-
plex geometries, manufacturing variability, and surface irregularities. 
 

PRINCIPLES OF PHASED-ARRAY TECHNOLOGY 
 
     For conventional ultrasound, a single-element probe is used to generate an ultrasonic signal 
that is transmitted into the part undergoing inspection.  Phased-array probes, in contrast, use 
multi-element probes.  Each element of the probe can independently transmit and receive signals 
at different times. To focus and steer the ultrasonic beam, time delays are applied to the individu-
al elements to create constructive interference of the wavefronts, allowing the energy to be fo-
cused at any point in the test specimen.  This principle is illustrated in Figure 2a, where delay 
laws have been computed to focus the acoustic beam at a specified depth and angle.  As shown in 
the figure, each element radiates a spherical wave at a specified time.  The superposition of these 
wavelets results in an almost planar wavefront at the specified location.  Before and after the tar-
geted focal spot, wavefronts are spherically converging and diverging, respectively. 
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Fig. 2:  A schematic diagram illustrating the principle of phased arrays is shown in 2a; delay 
laws (light-gray bars) were calculated for a multi-element linear probe to focus the ultrasonic 
beam at a specified depth and angle.  Figures 2b-2e show examples of delay laws (blue bars at 
the top of the figures) and visualization of the radiated acoustic beam (displacement field) calcu-
lated using CIVA simulation software: (b) no delay laws applied to the elements of the probe, (c) 
steering only, (d) depth focusing and (e) combined steering and depth focusing. 

 
     Delay-law computation is illustrated in Figure 2a.  When no delay laws are applied (Figure 
2b), the resulting ultrasonic beam is unfocused and is equivalent to the beam generated by a con-
ventional flat transducer.  The natural “pseudo focusing” evident in the image corresponds to the 
near-field distance of the probe.  The configuration illustrated in Figure 2c results in the same 
ultrasonic beam that would be generated by a conventional flat transducer used in conjunction 
with a wedge.  In this case, there is no focusing of the ultrasonic energy; the applied delay laws 
result in steering of the ultrasonic beam.  Figures 2d and 2e are the same configurations as illu-
strated in 2b and 2c, respectively, except that the delay laws have been modified to focus the 
acoustic energy at a specified depth.  In both images (2d and 2e), it is evident that the focal spot 
is narrower and more localized.  To obtain the same results with a conventional probe would re-
quire using a lens or a specially designed element shaped to obtain the desired focal point, and a 
different probe/lens would be required for each focal depth. 

 
ADVANCED PHASED-ARRAY PROBES 
 
     Phased-array probes can be designed in a wide variety of geometries, allowing them to be cus-
tomized for particular applications (Figure 3).  As illustrated in Figure 4, curved arrays (3a)   
provide a solution for radii inspection,  which can present challenges for  many  composite  parts. 

 
 

 
a. 

 

b. 

 

c. 

 

d. 

Fig. 3:  Examples of phased-array probes: fixed-radius curved array, ring array, matrix probe, 
and dual matrix probes.  Photographs courtesy of IMASONIC. 
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 a.  b.  c. 

Fig. 4:  Diagram illustrating the use of a curved array to achieve high-resolution imaging in tight 
radii (4a).  Photograph of a curved array (4b) positioned to scan a composite tubular specimen 
(also see Figure 6).  Schematic drawing of a curved array for inspection of a concave radius (4c). 
 

The gray rectangles in Figure 4a represent the individual elements in a curved phased-array 
probe, while the blue bars indicate the time delays applied to the active elements to focus the ul-
trasonic beam in the part.  Using this configuration in conjunction with dynamic-depth focusing 
achieves consistent resolution throughout the thickness of the curved part.  A curved array posi-
tioned to scan a tubular composite specimen is shown in Figure 4b, and 4c illustrates a curved 
array positioned for electronic scanning of a concave radius.  Figure 5 is a photograph showing 
an automated inspection solution for a composite hat-section stringer.  In this case, multiple 
probes are used to simultaneously inspect the radii and flat sections of the part.  
 
      Results achieved for inspection of a composite tube using a curved array are shown in Figure 
6.  Release-film defects with diameters ranging from less than 0.25 inches to 0.75 inches were 
inserted into the middle of the laminate during layup (6b).  The specimen was scanned in a water 
tank using an M2M phased-array controller.  The embedded defects are clearly visible in the 
time-of-flight and amplitude C-scans (6e).  Additional solutions for radii inspection are presented 
in the following section on advanced measurement techniques.  For example, nearly identical re-
sults to those shown in Figure 6 were obtained using a linear probe with self-adapting Ultrasound 
(SAUL), as shown in Figure 13. 

 

 

Fig. 5:  Automated multi-probe inspection of a composite hat-section stringer. 
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 a. 
 

 b.  
 
 

d. 
 

 e. 
 

Fig. 6:  Results achieved for inspection of a composite tube (6a) using an IMASONIC curved 
array (6c).  Release-film defects with diameters ranging from less than 0.25 inches to 0.75 inches 
were inserted in the middle of the laminate (6b).  The specimen was scanned in a water tank us-
ing an M2M phased-array controller.  A large mid-laminate defect is easily seen in the B-scan 
image shown in 6d.  The defects are also clearly visible in the time-of-flight and amplitude C-
scans (6e). 
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Fig. 7:  Examples of linear and matrix flexible phased-array probes used for curved and con-
toured components.  Photographs courtesy of IMASONIC.  
 

Flexible Phased-Array Probes 

     One of the latest advances in probe technology is the development of flexible arrays that con-
form to the inspection surface (Figures 7 and 8).  Flexible probes consist of a set of independent, 
articulated, mechanical elements that allow the probe to conform to the surface geometry in the 
scanning direction [3].  So-called “smart” flexible arrays have embedded displacement sensors 
that allow the surface contour to be measured (visible in the far right-hand photograph in Figure 
7).  The measured surface shape is then used to adapt the delay laws in real time to compensate 
for changes in geometry during scanning.  It is thereby possible to maintain focusing and image 
resolution for parts that have a change in curvature.   
 
     The photographs in Figures 8a and 8b are from a demonstration of a smart, flexible, linear ar-
ray scanned across a test block with a very irregular front surface and two series of side-drilled 
holes, visible in the left-hand picture (8a).  The focal laws are computed in real time to account 
for the surface geometry, and the resulting data is visualized in a CAD drawing of the test speci-
men using an M2M phased-array controller (8b).  By measuring and accounting for the surface 
geometry, it is possible to maintain focusing in the part and image the side-drilled holes with 
resolution comparable to what was obtained for holes under the flat portion of the surface. An 
example of an automated inspection is shown in Figure 8c. In this case, a 2D flexible probe was 
installed on a robotic arm to inspect a complex part. 
 
 

  

Fig. 8:  Two views (8a and 8b) of a smart, flexible, linear probe on a calibration block with an 
irregular front surface and two series of side-drilled holes.  A flexible 2D probe being used with 
an M2M phased-array system for an automated inspection of a complex part is shown in 8c.  
Photographs courtesy of M2M, CEA-List and IMASONIC. 
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Fig. 9:  Snapshots of real-time imaging obtained during a “paintbrush” scan of a composite 
specimen using an M2M “Pocket” phased-array system together with an articulated arm. The po-
sition of the probe is electronically encoded, allowing the operator complete freedom in scanning 
the part with results displayed in the color images visible at the bottom of the computer screen. 

 
 
ADVANCED PHASED-ARRAY CONTROLLERS AND INSPECTION TECHNIQUES 
 
     Phased-array systems range from portable hand-held units to massively parallel desktop sys-
tems that are utilized, for example, in applications that require ultra high speeds.  M2M has de-
veloped a low-frequency system (50 kHz to 5 MHz) that is suitable for highly attenua-
tive/heterogeneous materials such as thick composites and concrete.  Other advances include 
high-resolution data visualization and incorporation of sophisticated data acquisition and imaging 
techniques into phased-array systems [4-6].   
 

Manual Composite Inspection 

     Examples of manual composite inspection techniques are shown in Figures 9 and 10.  Figure 
9 shows a composite plate being manually inspected with a phased array used in conjunction 
with an articulated arm.  In this case, the phased-array controller is M2M’s Pocket System (indi-
cated by the red arrow in the first picture), which can be used as a hand-held unit.  The operator 
is inspecting the plate in “paintbrush” mode, in which the color image visible at the bottom of the 
computer screens is built up as the probe is scanned over the part.  Encoders track the position of 
the probe, so the operator can move in any direction and fill in the image without worrying about 
positioning (overlap is automatically accounted for in the display). 
 
     The photograph in Figure 10 illustrates the inspection technique developed at DASSAULT 
aviation to inspect composite windshield frames.  The inspection required a lightweight, flexible 
and fast scanning system.  In addition, the desire was for a flexible technique that could be used 
for other composite structures.  The strategy developed was to integrate a linear phased array into 
a wheel probe, which is driven by a multiplexed M2M phased-array system.  Satisfactory resolu-
tion in the thick complex-shaped composite structure was achieved (see Figure 10).  A defect 
near the back-wall is easily identified in the B- and C-scans. 
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Fig. 10:  frame undergoing inspection. A linear array integrated into a coupling wheel is used 
with an M2M phased-array system to obtain real-time top (C-scan) and thickness views (B-
scans) of the structure.  Images courtesy of DASSAULT Aviation. 
 

Self-Adapting Ultrasound (SAUL) 

      A particularly promising phased-array technique for composite inspection is self-adaptive 
ULtrasound (SAUL).  For this newly developed method, the shape of the test specimen is meas-
ured from the front-surface echoes and the focal laws are adapted on the fly to account for the 
surface geometry [7].  The composite hollow-core sample pictured in 11a is challenging to in-
spect because of the varying thickness and geometry of the part.  Measurements were first per-
formed in a water tank using the curved array shown in the lower-left photograph (11d).  The B-
scan (11b) and C-scan (11c) show that, as would be expected, signals are only measured over a 
relatively small area near the center of the probe.  The measurements were repeated using the 
same probe, but using SAUL.  In this case, the geometry-corrected B-scan (11e) shows a strong 
back-wall echo over a much greater area, resulting in a C-scan (11f) with significantly more cov-
erage than obtained using the curved array alone. 
 

 
 
Fig. 11:  Comparison of scans made on a hollow-core composite specimen using two different 
measurement techniques: simple electronic scanning with a curved array (11b and c), and using 
the same probe with SAUL to calculate geometry-corrected focal laws on the fly (11e and f).   
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Fig. 12:  Results obtained for a composite stringer scanned with a linear probe (12c) using 
SAUL. The white (12a) and red (12b) arrows indicate the location of holes drilled into the radius. 
Although none of the holes could be detected using the linear probe alone, all three were easily 
imaged using the same probe with SAUL (12d). 

 
      A much more challenging test of SAUL was performed on the composite stringer shown in 
Figure 12.  In this case, three flat-bottom holes were drilled into the radius, as indicated by the 
red arrows in the middle photograph.  The radius of the stringer was first inspected in a water 
tank using a linear probe angled to be perpendicular to the radius as indicated in the right-hand 
picture.  Not surprisingly, there was almost no return signal.  Using the exact same probe and 
procedure, the scan was repeated using SAUL, resulting in the amplitude C-scan displayed in the 
figure.  All three holes are clearly visible in both the time-of-flight C-scan (not shown) and am-
plitude C-scan (12d).   
 
     Experiments using SAUL were also conducted on the composite tube described above (Figure 
6).  In this case, a linear probe was used in conjunction with SAUL to scan the tube.  As shown 
in Figure 13, the results using the linear probe plus SAUL compare very well to those made with 
the curved array.   Although more testing is required, this and other experiments demonstrate that 
very good results can be obtained using a linear probe with SAUL to measure tight radii. 
 
 

Fig. 13:  Results obtained for the composite tube using a curved array (top images) and results 
for the same specimen scanned with a linear array using SAUL (bottom images).  Comparison of 
the C-scan images shows that very similar results were obtained. 
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SUMMARY 
 
     The latest advances in phased-array technology are greatly improving detection and sizing 
capabilities for composite parts with complex geometries, manufacturing variability, and surface 
irregularities.  Self-adaptive Ultrasound (SAUL) and flexible arrays are examples of new tech-
niques that offer solutions for inspection of contoured composite parts with varying geometry 
and/or thickness, as well as part-to-part variability.  Development is ongoing to meet the rapidly 
increasing demands from industry to find solutions for new materials and increasingly complex 
parts.  At the same, the advent of mass production of composite parts requires methods that are 
well suited to automation and able to meet production rates.  Customization of probes and in-
spection strategies are often the key to meeting inspection challenges [8-9].  Although this re-
quires upfront work that is usually a combination of modeling and measurements, the result is 
confidence in the inspection technique and assurance of the most cost-effective solution. 
 

REFERENCES 
 
1. Mahaut, S., Chatillon, S., Kerbrat, E., Porre, J., Calmon, P. and Roy, O., “New Features for 

Phased Array Techniques Inspections: Simulation and Experiments”, Proc. of the World 
Congress of Nondestructive Testing, Montreal, Canada, 30 Aug. – 3 Sept. 2004. 

2. Mahaut, S. Chatillon, S., Raillon-Picot, R., and Calmon, P., “Simulation and Application of 
Dynamic Inspection Modes Using Ultrasonic Phased Arrays”, Review of Progress in Quanti-
tative Nondestructive Evaluation, ed. by D O Thompson and D E Chimenti, Vol. 23, AIP 
Conference Proceedings, American Institute of Physics, Melville, NY, 2004. 

3. Roy, O., Mahaut, S., and Casula, O., “Development of a Smart Flexible Transducer to Inspect 
Components of Complex Geometry: Modeling and Experiments”, Review of Progress in 
Quantitative Nondestructive Evaluation, ed. by D O Thompson and D. E. Chimenti, Vol. 21, 
AIP Conference Proceedings, American Institute of Physics, Melville, NY, 2002. 

4. Hunter, A.J., Drinkwater, B.W. and Wilcox, P.D., “The Wavenumber Algorithm for Full-
Matrix Imaging Using an Ultrasonic Array”, Ultrasonics, Ferroelectrics and Frequency Con-
trol, IEEE Transactions, Vol 55 (11), pp. 2450-2462, 2008. 

5. Calmon, P., Iakovleva, E., Fidahoussen, A., Ribay, G., and Chatillon, S., “Model-Based Re-
construction of UT Array Data, 34th Annual Review of Progress in Quantitative Nondestruc-
tive Evaluation, ed. by D O Thompson and D E Chimenti, AIP Conference Proceedings, 
American Institute of Physics, Melville, NY, 2007. 

6. Fidahoussen, A., Calmon, P., Lambert, M., Paillard, S., and Chatillon, S., “Imaging of De-
fects in Several Complex Configurations by Simulation-Helped Processing of Ultrasonic Ar-
ray Data”, Annual Review of Progress in Quantitative Nondestructive Evaluation, Vol. 29, 
ed. by D O Thompson and D E Chimenti, AIP Conference Proceedings, American Institute of 
Physics, Melville, NY, 2010.  

7. Hopkins, D., Le Ber, L., Johnson, W., and Neau, G., “Self-Adaptive Focusing for Phased-
Array Inspection of Complex Composite Specimens”, to appear in 38th Annual Review of 
Progress in Quantitative Nondestructive Evaluation, Burlington, VT, 17-22 July 2011. 

8. Neau, G. and Hopkins, D., “The Essential Role of Simulation in Optimizing Probes and In-
spection Strategies”, SimNDT 2010, available at http://www.ndt. 

9. Neau, G. and Hopkins, D., “The Promise of Ultrasonic Phased Arrays and the Role of Model-
ing in Specifying Systems”, Proc. ASNT Fall Conference & Quality Testing Show, Houston, 
23 – 27 October 2006. 


