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Abstract 

 

Image quality of X-ray computed tomography (CT) data is an often discussed problem in industrial non-destructive testing. 

Misalignment of the CT-system significantly influences the image quality. Therefore, several approaches adapted to certain 

acquisition geometries have been developed for calibrating a CT-system in the last years. Most of them need limiting 

assumptions and in particular cannot be transferred to arbitrary geometries. So, these methods can’t be well applied for 

calibration of very flexibly CT-systems, e.g. robot based CT. 

 

We present a method for calibrating an arbitrary acquisition system by using mainly only the projection data of a special 

calibration phantom. The principle idea behind this approach is to calibrate the system by using its own image-providing 

property. Calibration denotes in this context a complete determination of all geometric CTsystem parameters. This information 

can then be used to adjust the system manually or analytically by supplying the needed parameters to later tools, e.g. the 

reconstruction algorithm. The procedure does not depend on a specific system setup, a specific trajectory or a specific imaging 

system and is in principle suitable for full automation. The performance of our approach is evaluated on real measurement data 

using a robot based CT-system. 
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Introduction 

At the Fraunhofer Development Center X-Ray Technologies, industrial robots are used for the manipulation of x-ray 

components (Figure 1) to scan specimen that are not sufficiently mobile or too big to bring them into most of the standard 

computed tomography systems. For controlled movement and 3D reconstruction, the CT-system has to be calibrated. The 

proposed calibration method is based on a geometric model of the acquisition system and is using X-ray projections of a 

calibration phantom created by the system itself to determine the unknown parameters by minimizing the reprojection error. 

 

 
Figure 1: schematic view of the prototype system using two industrial robots to manipulate the X-ray source and detector 

 

The model complexity is dependend on the unknown parameters of the CT-system which should be solved and are referred to 

as calibration parameters. In this contribution, the method is applied to a robot based CT-system to solve for the unknown 

transformation between two robots controlling the X-ray source and detector components and the transformations describing 

offset and rotation of the components relative to the robot flange. However, it is possible to apply the method to classical 

laboratory CT-systems to measure misalignment parameters or manipulation axis alignments. 
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System model and theory 

The presented approach is not limited to a specific calibration phantom. The object used in this contribution is defined as a 

cylindrical shape with spheres positioned in a helical order. There are no special requirements regarding the sphere positioning 

for the calibration phantom, but there are different conditions regarding the image processing steps which can perform 

differently based on the sphere layout. The distances between the spheres are considered known by measurement using a high 

resolution CT- system. The main limitation of the design is the inability to use images with overlapping sphere projections, 

since the correspondence between a sphere and its projection can not be solved using image processing. 

 
Figure 2: binarized x-ray projection 

 
Figure 3: used phantom with spheres in helical order 

From the acquired projections, the reference data is extracted by calculating the projected center points of the spheres. The 

cone beam projection of a sphere is typically an ellipse. It is well known [1] that the ellipse center is generally different from 

the sphere center projection. It can be further shown that the centroid of the ellipse is also different from the sphere center 

projection, but closer to the sphere center projection than the ellipse center is. 

 

 

 
 

 

 

 

 

Assuming the position of a point 𝑝 is known in a Cartesian world frame, the expected projection in a cone beam based CT- 

system using a flat panel detector can be described using the perspective projection model. The parameters required are the 

position of the X-ray source focal spot   𝑠, the position of the flat panel detector 𝑑 and its column and row direction �⃗� and  �⃗⃗⃗�. 

The projection of 𝑝 is then defined by the projection matrix 
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Figure 4: schmatic view of the unknown 
parameters used for the system model 

(green) 
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To calculate 𝑠, 𝑑, �⃗� and �⃗⃗⃗� for the robot based system, we use the kinematic equations of the used robot type  

 

𝑇𝑠 = 𝐵𝑠𝑟𝑐 ∙ 𝐷6(�⃗�𝑠𝑟𝑐) ∙ 𝑊𝑠𝑟𝑐 
0  , 

 

𝑠 = 𝑇𝑠 ∙ 𝑒4⃗⃗ ⃗⃗   , 

 

with  𝑒𝑛⃗⃗⃗⃗⃗ representing a unit vector in 𝑅4. 

 

𝐵𝑠𝑟𝑐 is the 6DOF transformation from the world frame into the base frame of the robot using the X-ray source, 𝐷6 
0  is the 

forward kinematic equation of the robot, �⃗�𝑠𝑟𝑐 are the robot joint coordinates for a specific pose and 𝑊𝑠𝑟𝑐 is the 6DOF robot tool 

transformation. Assuming the robot base manipulating the X-ray source is defined as the world frame, 𝑇𝑠 can be simplified to 

 

𝑇𝑠 = 𝐷6(�⃗�𝑠𝑟𝑐) ∙ 𝑊𝑠𝑟𝑐 
0   . 

 

The same principle can be applied for the robot manipulating the X-ray detector 

 

𝑇𝑑 = 𝐵𝑑𝑒𝑡 ∙ 𝐷6(�⃗�𝑑𝑒𝑡) ∙ 𝑊𝑑𝑒𝑡 
0   , 

 

�⃗� = 𝑇𝑑 ∙ 𝑒1⃗⃗⃗⃗   , 

 

�⃗⃗⃗� = 𝑇𝑑 ∙ 𝑒2⃗⃗ ⃗⃗   , 

 

𝑑 = 𝑇𝑑 ∙ 𝑒4⃗⃗ ⃗⃗   . 

 

Extracing the rotational component of 𝑇𝑑 

𝑇𝑑𝑅
= 𝑇𝑑 ∙ [

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 0

] 

  

and using the perspective projection matrix, the system model for the robot based system can thus be written as 

 

(

𝜆𝑝𝑥′

𝜆𝑝𝑦′

𝜆
1

) =  (𝑇𝑑𝑅
∙ [

1 0 0
0 1 0
0 0 1
0 0 0

  𝑇𝑑 ∙ 𝑒4⃗⃗ ⃗⃗ − 𝑇𝑠 ∙ 𝑒4⃗⃗ ⃗⃗ ] )

−1

(𝑝 − 𝑇𝑠 ∙ 𝑒4⃗⃗ ⃗⃗ ). 

 

Since the absolute sphere positions 𝑝 in the CT-system world frame are unknown, the 6DOF transformation 𝑂 describing 

position and orientation of the measured calibration phantom relative to the world frame is added to the system parameters Ω.  

 

Assuming the relative offset �⃗�𝑖  of a sphere 𝑖 inside the calibration phantom is known to a sphere assumed at the position 

�⃗�0 = [0 0 0]𝑇, each sphere position 𝑝 can be written as 

𝑝𝑖⃗⃗⃗ ⃗ = 𝑂 ∙ 𝑜0⃗⃗ ⃗⃗ + 𝑜𝑖⃗⃗⃗ ⃗ 

 

And the resulting model 𝐹 to project the 𝑖th sphere of a calibration phantom is 

 

𝐹(Ω, 𝑞𝑠𝑟𝑐⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ , 𝑞𝑑𝑒𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ , 𝑜0⃗⃗ ⃗⃗ , 𝑜𝑖⃗⃗⃗ ⃗ ) = (𝑇𝑑𝑅
∙ [

1 0 0
0 1 0
0 0 1
0 0 0

  𝑇𝑑 ∙ 𝑒4⃗⃗ ⃗⃗ − 𝑇𝑠 ∙ 𝑒4⃗⃗ ⃗⃗ ] )

−1

(𝑝𝑖⃗⃗⃗ ⃗ − 𝑇𝑠 ∙ 𝑒4⃗⃗ ⃗⃗ ). 

 

Using these equations, a least squares problem can be formulated to determine the unknown parameters by minimizing the 

reprojection error of the sphere center point projections for 𝐼 spheres and 𝑁 projections 

 

𝐸 =
1

𝑁𝐼
∑ ∑ |𝐹(Ω, 𝑞𝑠𝑟𝑐,𝑛⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗, 𝑞𝑑𝑒𝑡,𝑛⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗, 𝑜0⃗⃗ ⃗⃗ , 𝑜𝑖⃗⃗⃗ ⃗ ) − 𝐹𝑁,𝑖  |

𝐼

𝑖=1

𝑁

𝑛=1
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where Ω contains the unknown 6DOF transformations 𝐵𝑑𝑒𝑡 , 𝑊𝑠𝑟𝑐 , 𝑊𝑑𝑒𝑡  and the transformation 𝑂 of the calibration object with 

respect to the world frame.  𝐹𝑁,𝑖 represents the measured centroids using image processing and 𝐹(Ω∗) are the calculated 

projections of the sphere center points. Minimizing 𝐸 with respect to Ω will give a solution for the calibration problem of the 

robot based system. 

 

Results 

 

The system model has been implemented and first verified by simulated data which is not presented in this constribution. To 

calibrate the real CT-system based on two industrial robots manipulating the X-ray components, a set of X-ray projections of 

the calibration phantom has to be acquired manually by manipulating both robots and adjusting the X-ray parameters 

accordingly. 

  

Applying the Levenberg Marquardt algorithm to minimize 𝐸 using the manually acquired X-ray projections, we have been 

able to compare data acquired with the test system where manipulations to the robot system have been executed before and 

after the calibration. Figure 5 and Figure 6 show the result of manipulations done to the X-ray source before and after the 

calibration. In an ideal cone beam geometry, a rotation around the focal spot should not change the resulting projection. The 

effect of an incorrect estimation of the focal spot position is shown in the left image. The difference of two projections, the first 

acquired before a rotation about the estimated X-ray focal spot and the second acquired after the rotation, shows that there is a 

divergence of at least 32 pixels between the sphere projections. Thus, the estimated focal spot position is wrong. Using the 

calibrated data, the difference shows no structures related to the object.  

 

 
Figure 5: Difference of projections at 0° and 

180° X-ray source rotation before calibration 

 

 
Figure 6: Difference of projections at 0° and 
180° X-ray source rotation after calibration 

 

 
Figure 7: Deviation of sphere projections before 

calibration 

 
Figure 8: Deviation of sphere projections after 

calibration 

 

The same procedure has been applied to the detector. Two projections have been taken before and after calibration. Each time, 

the detector has been rotated around its estimated center position and normal by 180 degrees. To compare the result, the second 

image has been rotated by -180 degrees around its center using image processing and subtracted from the original image, as 

shown in Figure 11 
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Figure 9: Projection at 0° detector rotation 

 

 
Figure 10: Projection at 180° detector rotation 

 

 
 

 

  
Figure 11: Results after calibration for manipulations to the detector. The resulting edge of around 5 pixels width shows that there 
are still misalignments left, even after the calibration process 

A direct comparison between uncalibrated and calibrated data is not possible, since the initial estimations of 𝐵𝑑𝑒𝑡  and 𝑊𝑑𝑒𝑡  are 

not reliable and there is usualy no projection of the calibration phantom after moving the robot. Since the detector pose 𝑇𝑑 is 

directly related to the base and tool transformation 𝐵𝑑𝑒𝑡  and 𝑊𝑑𝑒𝑡  for the detector robot, translations or rotations of the detector 

combines errors in both estimates. Changing the system model and moving the world frame into the base of the robot 

manipulating the x-ray detector, similar errors should be visible when comparing manipulations of the focal spot and the 

quality of the detector parameters should increase. 

 

Using the robot based system, the calibration algorithm did not generate a global solution for the calibration parameters, but a 

local solution for specific trajectories. Using the set of parametes Ω of the local solution for 3D reconstruction of  data 

acquired on the same trajectory results in high quality reconstructions as seen in Figure 13 

 

 
Figure 12: Reconstructed slice of the calibration 

phantom using a local solution on a different trajectory 

 

 
Figure 13: Reconstructed slice of the calibration 
phantom using the local solution on the same 

trajectory 
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Moving the X-ray source and detector on different trajectories results in visible misalignment artifacts as seen in Figure 12. 

Possible reasons are trajectory specific local minima and robot specific inaccuracies and thus do not produce perfect results for 

measurements using other trajectories. However, previously acquired parameters can be used so that a follow up solution for a 

specific trajectory can be determined by adding X-ray projections from the new trajectory to the set of previously acquired 

calibration data. Using this procedure, we were able to gain improved quality and remove misalignment artifacts. Using the 

calibration parameters provided for specific trajectories, reconstructions with 100µm resolution and below are possible using 

industrial robots as manipulators for the X-ray components. 

  

  
Figure 14: Slice of a reconstructed CFK Part with 100µm resolution based on a limited angle circular ct measurement using a robot 
based CT-system. 

  
Using the calibration result and running repeated measurements with the same trajectory have shown the accuracy provided by 

the used robots. Figure 15 shows 3 projections at the same assumed robot pose 

 

 

   
   

   
   

Absolute difference of first and 

second  

Absolute difference of first and 

third 

Absolute difference of second and 

third 
Figure 15: Top row: Three independently acquired projection images at the same position after moving the robots. Bottom row: 
Absolute differences of the respective projections.  

The absolute differences of those projections show that the accuracy of the robots has an influence on the reconstruction result 

and achievable spatial resolution.  
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Conclusion and Outlook 

 

The presented calibration algorithm based on a geometric model of a CT-system provides solutions that can be used for 

reconstructions and trajectory planning. It is based on projections of a locally described calibration object and calculates a 

solution for specific trajectories. It has been shown that these local solutions are not perfectly accurate and cannot be used for 

other trajectories without producing misalignment artifacts in the reconstructed volume. Nevertheless, local solutions can be 

used to provide data for other trajectories to calculate a better solution without the need of manual data acquisition. 

However, the proposed calibration object entails two major shortcommings. Firstly, projections in which marker overlaps 

occur can not be used to determine the calibration parameters. Secondly, users have to identify the projection of the bottom 

marker manually. These deficiencies are hindering a fully automated calibration process. An improved calibration phantom, 

e.g. based on the test object shown in [2], can provide a high grade of automation in the image processing, solving the sphere 

overlapping problem and is also able to generate initial guess values for the optimization of the model error function 𝑬. 

Our previous efforts aimed on investigating the improved calibration phantom. Based on promising results, we will extend our 

work in two directions. The first one is working with robot based CT-systems, utilizing the new calibration object to obtain a 

high level of automation. The second one is the application on stationary CT-systems, to solve well known problems such as 

detector misalignment correction. 
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