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Abstract. To investigate composite materials like carbon fiber reinforced plastics 
(CFRP) and glass fiber reinforced plastics (GFRP) detailed knowledge about the 
inner structure is required. One method to reveal defects like delaminations and 
porosities is air-coupled ultrasound combined with guided waves (slanted 
reemission mode, SRM). In this case the transmitting probe is oriented with a 
specific angle to the specimen in order to generate a lamb wave. This wave 
propagates along the specimen and re-emits ultrasound at the incident angle on both 
sides of the specimen. Lamb waves can interact sensitively to changes in the 
material’s mechanical properties thus significantly affecting the received amplitude. 
Using the re-emitted signal and x-y-scanning, single sided measurements are 
possible. The distance between transducers and specimen should be held constant 
and its variance may not exceed a few 100 µm. For flat and uni-axially curved 
specimens it is possible to hold the distance constant by using normal 3-axis 
scanners or rotary axes. However, complex 3D-structures like double-curved free 
formed specimens have not yet been exhaustively investigated. In this study large 
3D-CFRP components are tested by SRM using a six-axis robot. The specimens 
used are a BMW M3 roof, a CFRP tube and other aircraft parts (landing flap, 
rudder). The challenge on the one hand was the communication between the robot 
and the ultrasonic system. Two approaches were investigated, constant data 
acquisition and acquisition using simulated encoder signals. On the other hand, 
robot paths had to be calculated on the surface of the free formed specimens at a 
specific distance and specific angle of the transmitter-receiver end-effector. For this, 
a MATLAB-calculated surface was generated and converted into robot movement 
coordinates and orientations. 

Introduction  

The trend of lightweight construction can be observed to be continued due to cost 
consuming requirements in terms of fuel consumption, material thickness and energy 
efficient production. Fiber reinforced plastics (FRP) as the material of choice are often used 
in such constructions because of their high stiffness-to-weight and strength-to-weight ratio. 

This group of material has its own typical damage behaviors like delamination, 
ondulation and cracks, which are different from other engineering materials. Therefore 
special nondestructive testing (NDT) methods, such as radiography, shearography, 
thermography, and ultrasonic measurements are required to determine the extent of the 
damage. These methods have all their advantages and disadvantages. For instance 
ultrasound can detect defects deep under the material’s surface (few cm), but it is necessary 
to scan the whole surface, which is time consuming. 
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Because of possibilities to build very large and curved objects with carbon fiber 
reinforced plastics (CFRP), it is necessary to think about ways to automatically reach every 
point of the object surface with the scanning device. One option is to use a three-axis 
coordinate table, with which all points on a surface can be reached. However, three axes 
can only determine the position, not the orientation, so only flat surfaces can be easily 
investigated. For curved surfaces, more axes are needed. One way to reach all positions and 
all orientations is to use an industrial six-axis robot. Measurements with ultrasound require 
not only position data but also the orientation of the probes. Therefore, in this study a 
method combining a six-axis robot and an air-coupled ultrasound system is introduced. 

Air-coupled Ultrasound 

Air-coupled ultrasound with guided waves was used for the measurements. Therefore, plate 
waves are excited by an air-coupled transducer on the specimen’s surface (figure 1). The 
plate waves are emitting ultrasonic waves to the air, which can be received by a second 
transducer on both sides of the measured object [1, 2]. The angle of incidence ϴ can be 
calculated by taking the sine of the quotient of sound velocity in air and plate wave velocity 
[1, 3]. In this specific angle a plate wave can be exited. It is very important to find the right 
angle of incidence and keep it constant during measurement because plate waves are 
needed for this kind of testing since they are very sensitive to the material’s local 
mechanical properties. 

Since ultrasonic waves are emitted on the upper side and on the bottom side of the 
plate, it is possible to measure in slanted transmission and in re-emission.  

 
Fig. 1. Air-coupled waves exciting a plate wave [2]. 

For measuring in slanted transmission, as shown in figure 2, access to both sides of 
the plate is demanded, which is a restricting factor for this method. The big advantage of 
this approach is high resolution because of the short plate wave travel path in the specimen. 

 

  
Fig. 2. Testing of CFRP specimen in slanted 

transmission [4]. 
Fig. 3. Testing of CFRP specimen in re-emission [4]. 

Incidend air-coupled
ultrasound wave

Damped plate wave

transmitted wave

Emitted air-coupled
ultrasound wave

Angle of incidenceϴ

Transmitter

Receiver



3 

Measuring in re-emission, (see figure 3) needs only access from one side. It makes 
this method universally applicable. However, the travel path of the plate wave in the plate 
is longer, which makes the resolution worse, compared to transmission measurements. 
Another disadvantage is ultrasound reflection which can be received directly from the 
receiving probe and falsify the signal. The solution is a beam-shield, which touches the 
surface between transmitter and receiver to damp reflected ultrasound. 
There are three ways to display the results of a measurement [5]: 

 
A-scan:  measurement of a single point (one dimensional). The received signal is 

displayed with its amplitude over the time. 
B-scan:  measurement of the signal by moving the probes along a line on the surface over  

the time. The result is a two dimensional scan. 
C-scan:  measurement over a surface. The highest amplitude of the signal is displayed  

over the surface’s x-y-coordinates. 
 

One problem of air-coupled ultrasound is the high acoustic impedance of air, 
compared to the probe’s material. To handle this problem, probes with matching layer are 
very often used. Another new method with cellular polypropylene transducers has been 
already tested successfully [6, 7]. 

Materials and Methods 

Air-coupled ultrasound transducers with a center frequency of 200 kHz were used (Airstar 
AS200) together with an Airscope TT (DASEL® Sistemas) ultrasound analyzer in all 
shown measurements. 

A six-axis industrial robot (ABB® IRB 120, see figure 4, left) was utilized to scan 
the specimens. This robot can reach a maximal radius of 580 mm and carry a maximal load 
of 3 kg. 

In order to fix the ultrasonic transducer to the robot, a robot tool (shown in figure 4) 
with adjustable angles for the probes was designed and built up. 

 

 
Fig. 4. Left: Industrial Robot IRB 120 with mounted robot tool. Right: Enlarged robot tool for measuring in 

re-emission. To adjust the angles, probes are mounted on optical rotary discs. 



4 

Robot Trajectory 

The tool (shown in figure 4, right) can, if mounted on the robot arm, be positioned and 
oriented in any point and direction in space. It has six degrees of freedom: movement in 
three room directions (x, y and z) and rotating around three axes (gear, nick and roll). A 
measurement with air-coupled ultrasound requires that the tool is positioned perpendicular 
to the normal vector of the specimen’s surface. It is also necessary to send the correct 
position of the robot tool’s center point to the ultrasound analyzer, which makes it possible 
to create an image with measured data after testing the specimen. To fulfill the demands, 
two different approaches have been chosen. 

The first possibility is to set a specific constant moving speed of the robot tool over 
the surface of specimen. By knowing the starting time of the measurement and the moved 
distance of the tool, it is possible to calculate the position at any time during testing and to 
correlate every ultrasonic signal to a point on the specimen’s surface. To ensure a constant 
moving speed, distances for acceleration and deceleration were added to the measuring 
section (shown in figure 5). 

 
Fig. 5. Trajectory for recording a C-scan. 

This method was only tried with flat, rectangular specimen. The big advantage of 
the robot –to measure curved specimen– cannot be taken, because the robot will always 
change its speed while moving on a non-linear path. As an example for this method, two C-
scan results of testing a CFRP sample with two different velocities are shown in figure 6. 
The sample has four unidirectional layers. The covering layers are ordered in 0° direction 
and layers in the middle in 90° direction. The specimen was impacted with 10 J of impact 
energy. 

 
Fig. 6. Specimen measured with constant speed, left 150 mm/s, right: 450 mm/s. The dark area represents the 

impacted zone. 

Lower amplitude appears in the dark blue region, compared to the light blue region. 
In this case the dark blue region indicates the impact region. Depending on the velocity of 
measurement, the lines appear shifted in the image. From figure 6 (left and right) it can be 
concluded that the length of line shift appeared in the image depends on the velocity of 
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measurement. This is a result of the uncertainty of the velocity and the uncertainty of the 
robot acceleration.  

Due to these imperfections of the upper method, a second method to determine the 
position of the robot tool was developed. The ultrasound analyzer has an option to receive 
encoder signals from stepper- or servo motors. Normally this is used for measuring with a 
2D-scanner table. When the stepper motor of one axis is moving, a glass disc with markers 
is rotating through a light beam (see figure 7). With the received on and off signals the 
analyzing device can determine the position and moving direction of the ultrasound 
transducer on the 2D-scanner table. 

 
Fig. 7. The glass disc of the encoder is moving through the light beam and creates the signals A, B and R [8]. 

Such encoder signals can be simulated by the robot control unit and sent to the 
ultrasound analyzer. Every millimeter the robot moves, a specific amount of encoder 
signals will be created. With this method it no longer depends on a constant velocity. In 
addition, the acceleration distances (figure 5) can be left out.  
To test specimen with curved surfaces, it is a necessity to know the exact diameters. These 
can be extracted from CAD data or measured by hand. The robot program needs three text 
files (.txt) with three matrices, corresponding to x-coordinates (�掴,沈,珍  ), y-coordinates (�槻,沈,珍) 
and z-coordinates (�佃,沈,珍), with integers 件 and 倹. With this information the robot program can 
plan the trajectory by connecting the points linearly. By calculating the central difference 
quotient (1), the normal vector for each point of the surface can be calculated (2), which is 
mandatory to find the right orientation of the robot tool. �′岫�岻 = �岫掴+∆掴岻−�岫掴−∆掴岻2∙∆掴 . (1) 

� = (�跳�超�跳) =  (銚猫,日+1,乳−銚猫,日−1,乳銚熱,日+1,乳−銚熱,日−1,乳銚年,日+1,乳−銚年,日−1,乳 )×(銚猫,日,乳+1−銚猫,日,乳−1銚熱,日,乳+1−銚熱,日,乳−1銚年,日,乳+1−銚年,日,乳−1 )
|(銚猫,日+1,乳−銚猫,日−1,乳銚熱,日+1,乳−銚熱,日−1,乳銚年,日+1,乳−銚年,日−1,乳 )×(銚猫,日,乳+1−銚猫,日,乳−1銚熱,日,乳+1−銚熱,日,乳−1銚年,日,乳+1−銚年,日,乳−1 )|. (2) 

Results and Discussion 

The first example is a braided part of a CFRP helicopter tail rotor shaft. To simulate a 
defect in the shaft, a screw nut was glued inside. In figure 8, the robot is shown while 
scanning the shaft. 
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Fig. 8. Robot scanning CFRP shaft. 

The three matrices for the surface coordinates were generated with a Matlab® 
program. The generated coordinates are shown in figure 9. The external diameter is 51 mm 
and the wall thickness is 3 mm. The result of scanning the shaft surface is a two 
dimensional C-scan. It is possible to relate every pixel of the C-scan image to the 
coordinate data. With this method a three dimensional C-scan can be created (figure 10). 

  
Fig. 9. Coordinates of tail rotor shaft created by 

Matlab®. 
Fig. 10. Non-contact 3D C-scan of tail rotor shaft. 

The dark blue area is the part with the glued screw nut. The lines (yellow-green) 
which can be seen on the C-scan image are caused by the beam-shield of the robot tool. 
Depending on the direction of movement, the beam shield will be moved in different 
directions. These movements can interfere with the ultrasound signal. 

The second example is a braided CFRP airplane stringer. It was first braided in tube 
shape, then cut and infiltrated to its U-shape shown in figure 11. 

 
Fig. 11. Braided CFRP stringer. 

In the upper part several impact damages have been placed. The wall thickness of 
this specimen is 3 mm. The robot scans the part in the U-direction. The parametrization is 
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shown in figure 12. On the C-scan, which is placed over the three dimensional sample, the 
impacts can be recognized (figure 13). 

  
Fig. 12. Coordinates of CFRP stringer created by 

Matlab®. 
Fig. 13. Non-contact C-scan of CFRP stringer 

with impacts (circled with red line). 

A big problem in this measurement is caused by the corners. The robot is programed 
that the beam shield will be oriented rectangular to the surface. If it is moving towards the 
corners, one of the ultrasound transducer will be placed into the air instead over the 
specimen. This causes the weak signal strength at the vertical areas. Therefore, failures in 
these areas cannot be detected with high reliability. The simplest solution of this problem is 
to scan along the axis of the corner. Other solutions are main part of current research 
activities at the IKT. 

The third example is a measurement of a CFRP car roof. Unlike the first two 
examples, this specimen is curved in not only one direction. The roof was made with the 
resin transfer molding (RTM) process and has several impact damages. Here we show a 
small part of the roof (figure 14). 

 
Fig. 14. CFRP car roof and enlarged inspection area. 

 

 
Fig. 15. Interpolation of CFRP car roof section. Fig. 16. Non-contact C-scan CFRP car roof section. 
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Contour data were obtained from a laser distance measurement. The points in 
between where interpolated by a polynomial of second order. The result of the interpolated 
roof is shown in figure 15. 

The result obtained from scanning with air-coupled ultrasound is shown in figure 
16. The scanning direction can easily be recognized on the long stretched defect in x-
direction. This effect is caused by the arrangement of the ultrasound transducer. 

Conclusion and Outlook 

Air-coupled ultrasonic testing in combination with a six-axis robotic arm is an effective 
approach for automatically measuring curved CFRP parts. With a robot the easiest way is 
to arrange the transducers in re-emission. With a second robot it would possible to conduct 
slanted transmission measurements and achieve higher resolution. One challenge is to get 
information about the contour of the specimen. Possible ways are to extract coordinates 
with computer software directly from CAD-data, by tactile surface measurements and by 
laser scanning the topology of the specimen. Regarding tolerances, the latter helps to get 
the exact coordinates from the real part. For measuring curved parts with huge change of 
the gradient it is difficult, for example the U-shaped specimen (figure 11–13). One way 
could be to use two robots or another way to build a robot tool with automatically 
moveable probe holders. 
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