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Abstract.  The 3D inspection of large or already mounted modules is at the moment 
not possible by conventional means. This poses a challenge to non-destructive 
testing. It is shown that by using a system consisting of two robots and by using 
suitable calibration procedures a mobile CT system – in short Robo-CT – can be 
realized.  

1. Introduction 

In non-destructive testing computed tomography (CT) is one of the established testing 
methods. It is however usually not suitable for large or already mounted modules. A 
solution for that is a mobile system consisting of two synchronized robots. Such an 
assembly allows for trajectories adjusted to the inspection tasks or the reconstruction 
methods respectively. During the motion multiple X-ray projections are acquired from 
which a 3D volume is computed by using suitable reconstruction methods (ART, Swing-
Laminography, planar Tomosynthesis). The necessary precision requires a very accurate 
synchronization of both robots. Determination of the robots' position is done using a laser 
system directly mounted on the robots. 

2. System Set-up 

The Fraunhofer Development Center X-Ray Technology (EZRT) is operating a prototype 
system (Figure 1) consisting of two robots, a mini focus X-ray tube and a digital flat panel 
detector. Using this prototype possibilities for a mobile, robot-based CT system are 
evaluated.  
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Figure  1: System set-up mobile Computed Tomography 

2.1 Robots 

Robot arms of the Stäubli RX90 series have a maximum payload of 7 kg and a maximum 
range of 900 mm when using the standard six axis set-up. Taking into account these 
conditions a suitable X-ray source and detector were chosen that do not surpass the 
maximum load and which have a compact size. Thus a minimal limitation of operating 
range is assured. It should be mentioned that positioning precision and repeatability 
decrease with increasing payload. Both arms are mounted on mobile sockets that allow for 
manual positioning. Four pedestals are ensuring a stable base of the robots after 
positioning. The tool mount allows for the simultaneous mounting of the UltraCal laser 
system[1] and the X-ray components.  

 

2.2 X-ray Components 

The essential technical data of the X-ray source and the detector can be seen in table 1 and 
table 2 respectively. An optimal matching of focal spot size and detector pitch was not 
possible due to the aforementioned conditions. What is more the X-ray detector was already 
at hand.  

 
 



Table 1: Technical data of the X-ray source 
Manufacturer Comet AG 

Type MXR-160HP/11 

Voltage range 20 - 160  kV 

Dose output 800 W / 1800 W 

Focal spot size 
according to EN12543 

0.4 mm / 1.0 mm 

 
Table 2 : Technical data of the X-ray detector 

Manufacturer Hamamatsu 

Type C9311DK 

Pixels 1248 x 1152 

Active pixels 1232 x 1120 

Pixel size (Pitch) 100 x 100 µm 

Scintillator CsI 

 
 

2.3 UltraCal Laser System 

The UltraCal laser system is consisting of a class 2 laser with integrated laser sensor and a 
retro reflector that reflects incident laser light parallel. The retro reflection is done by a 
triple mirror consisting of three perpendicular mirrors. By using the included sensor it is 
possible to determine the laser shift in two dimensions with a precision of ±25 µm. The 
system is designed for the calibration of a single robot. In a Robo-CT system however the 
position of the two robots towards each other is especially important. Thus the laser of the 
UltraCal system is mounted on one robot while the retro reflector is mounted onto the 
second. In order to not damage the devices by X-ray radiation they are removed before X-
ray image acquisition. Further details can be taken from table 3.  



Table 3: Technical data of the UltraCal system 

Manufacturer Robo-Technology GmbH 

Type UltraCal 

Sensor resolution 5 µm 

Measurement uncertainty ±25 µm 

Lateral dimension 2 mm 

Max. range 5 m 

Laser class 2 

Power output << 1 mW 

Wavelength 635 nm 

 

After repositioning the robots the position of them towards each other is determined by 
using the UltraCal system. To do so three nodes are acquired from which the position of the 
robots is determined.  

 

2.4 Manipulator Control 

The control system of the Robo-CT was transparently mapped onto the interfaces of a 
conventional CT system. Thus it is possible to use existing software libraries and 
acquisition methods. The manipulation of the object carrier common in industrial CT 
systems is mimicked by the simultaneous movement of both robots. Together with the six 
degrees of freedom for the manipulation of the X-ray source and the detector no limitations 
arise for the system's trajectories.  

3. Acquisition Procedure 

In a first step several standard acquisition procedures have been implemented into the 
Robo-CT. These consist of filtered back projection with limited angle and planar 
Tomosynthesis.  

 

3.1 Swing Laminography 

Due to the robots' geometry and their limited arm length there are limitations for the 
maximum angle that can be scanned by a circular movement around an object. The 
trajectory is especially suitable for long, narrow components like tubes or supports. An 



example for the reconstruction of a CFRP component is shown in figure 2. Voxel size was 
66 µm, 180° have been scanned while a path correction was used (see below).   

 

 

Figure 2: Swing Laminography of a CFRP component. Voxel size 66 µm. 

 
 

3.2 Planar Tomosynthesis 

For laminar objects an inspection by planar Tomosynthesis is especially useful. The cone 
beam of the MXR-160HP/11 X-ray source used has an angular range too limited for 
classical Tomosynthesis. Using full mobility of the robots a rotation of the X-ray source 
towards the detector could be feasible. The angle of rotation α is dependant on the focus-
detector distance used (FDD) and the shift between focal point and detector centre x. Using 
those it is:  
 

FDD
x

arctan=α  

 
The rotation needs to be done precisely within the focal point, a precise determination of 
the position is thus mandatory. At the moment we are developing a suitable calibration 
procedure.  

4. Trajectory Determination 

The laser system Ultra Cal is mounted parallel to the beam direction of the X-ray source. 
For trajectories not causing a shift between focal point and detector centre a shift in two 
dimensions can be determined by UltraCal.  

 

4.1 Circular Path 

Rotating the object is done like in medical CTs by a synchronous movement around the 
object. If the position of both robots is not determined precisely this inevitably causes 
erroneous positioning. Using the laser system these deviations were logged and 



subsequently used for path correction. Keep in mind that by the parallel reflection of the 
laser in the retro reflector various false positions can result in deviations of both spatial 
directions detected. A differentiation between shift and tipping cannot be made. Figure 3 
shows exemplary the deviation for a circular path of 140° around the object's y-axis.  

 
 

 
 

Figure 3: Deviation of a circular path (140° around object's y-axis) 

 
The deviations are far larger than can be tolerated. Industrial robots show a high repeating 
accuracy. A second approach of the trajectory using a correction by the values determined 
thus drastically decreases deviations (see figure 4).  

 

 

Figure 4: Deviation at a corrected circular path 

5. Calibration 

The path correction using the laser system is complex and cannot be used for all acquisition 
trajectories. In collaboration with Robo-Technology GmbH a new calibration method was 
developed in order to enhance determination of the robots' positions. Within working range 
of the robots arbitrary trajectories are used and the deviation of the UltraCal system from 
expected values is logged. In combination with the hinge position of the robots the position 



can be corrected in such a way as to minimize deviations for all positions. After calibration 
the absolute deviation of the system is far lower. Figure 5 shows the deviation for a rotation 
around 140° after calibration in 100 positions.  

 
 

  

Figure 5: Deviation after calibration in 100 positions 

 
By calibration drifts in the outer regions of the rotation are eliminated. A next step is 
calibration using X-ray projections by which not only the position of the robots can be 
determined precisely but also the position of the X-ray focal spot and the detector centre.  

6. Summary and Outlook 

Herein we presented a mobile system based on two robots for 3D inspection of large and 
already mounted components. Apart from reconstruction methods to be developed for 
different trajectories the calibration of those trajectories is especially important. We have 
shown calibration methods based on an external, robot-mounted laser calibration system 
which allow for the correction of the positions of the robots involved. Current development 
includes methods for that are working on the basis of projections of a suitable calibration 
object. Using this method it should be possible to correct the position of detector, X-ray 
source and object for each position in which a projection of the calibration object is 
acquired and thus to correct arbitrary trajectories.  
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