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Abstract. With the growing use of CT systems in industrial non-destructive testing 
the spectrum of applications is widening. In order to optimize a CT system with 
respect to quantitative accuracy of the reconstructed values, the complete chain of 
data processing was analysed by the Fraunhofer EZRT during the research project 
"ZeLuR".  

Two new methods were developed that both allow for a highly accurate 
reconstruction of material properties. First, we implemented a helical data 
acquisition. In order to achieve the non-planar helical trajectory the object is rotated 
and shifted in vertical direction for each projection. The Feldkamp-type cone-beam 
reconstruction algorithm was adapted to the helical projection data. The advantages 
of the helical CT are shown with the reconstruction of a CD spindle.  

The second major focus of our work has lain on the development of dual-
energy methods. With industrial applications there is a broad variety of materials, 
structures and object sizes, a dual energy CT system has to be prepared for. The aim 
of this work is to establish dual-energy CT as a tool for accurate quantitative 
measurement of an arbitrary object's composition. As test object a mixed material 
cube was used which is made of two materials. The result of the dual-energy 
evaluation is shown.  

Introduction  

Today, Computed Tomography (CT) is used for industrial testing predominantly as a 
reliable method to detect flaws, cracks, holes and others. The evaluation of 3-dimensional 
volume data is based on grey values that are usually reconstructed with an arbitrary scale. 
Inclusions or defects show up by a higher respectively lower grey value than the 
surrounding material, i.e. qualitatively as hyper- respectively hypodense regions.  

With the growing use of CT systems in industrial non-destructive testing the 
spectrum of applications is widening. On the other hand, new, light-weight composite 
materials become increasingly important especially in the production of aircrafts and 
automobiles. The inspection of this class of materials cannot be performed anymore by 
simply evaluating relative grey value contrasts. The quality standards for industrial 
inspection impose the request for a quantitative measurement of physical material 
properties such as mass density or the contribution of single composites for each 
reconstructed point in the 3D volume. 
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Methods 

In order to optimize a CT system with respect to quantitative accuracy of the reconstructed 
values, the complete chain of data processing was analysed by the Fraunhofer EZRT during 
the research project "ZeLuR". Two new methods were developed that both allow for a 
highly accurate reconstruction of material properties.  

1.1 Helical CT  

First, the CT reconstruction process was evaluated with respect to quantitative 
accurateness. In addition to the conventional Feldkamp algorithm for cone-beam 
reconstruction an alternative data acquisition scheme, the so-called helical scanning (a non-
planar trajectory) was evaluated and tested.  

Three-dimensional image reconstruction from cone-beam data acquired on a 
circular trajectory is commonly used in non-destructive testing. If the cone angle is large, 
however, the reconstructed images are seriously degraded especially in regions far from the 
plane which is defined by the circular orbit. To overcome this drawback, we implemented a 
helical data acquisition. In order to achieve the helical trajectory the object has to be rotated 
and shifted along the direction of the axis of rotation for each projection. On the other hand, 
the Feldkamp-type cone-beam reconstruction algorithm was adapted to the helical 
projection data similar as in [1]. In order to show the advantages of the helical CT we show 
examples of the reconstruction of a CD spindle. 
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Figure 1: During a helical data acquisition the object is rotated and shifted in vertical direction for each 
projection. From the object's point of view the point-like source of radiation travels along a helical path. 

 

1.2 Dual-Energy CT  

Conventional Computed Tomography (CT) systems apply polychromatic X-rays, since 
cheap and robust X-ray tubes with high radiation output are commonly available. With 
industrial CT systems the reconstructed grey values are not a quantitative measure of the 
physical properties of the material. Rather, the conventional CT data acquisition yields a 
rough estimate on the variation of mass density within an object.  

Thus, the second major focus of our work has lain on the development of dual-
energy methods. Dual-energy methods have been developed in the field of calcium scoring 
for medical purposes [2]. With industrial applications there is a broad variety of materials, 
structures and object sizes, a dual-energy CT system has to be prepared for. The aim of this 
work is to establish dual-energy CT as a tool for accurate quantitative measurement of an 
arbitrary object's composition. In general, dual-energy methods provide means to 



reconstruct the atomic number and the mass density at any point within the object. In fact, 
commonly the technique is used to measure the contribution of two pre-defined materials in 
each reconstructed volume element.  
The material separation method can be implemented by two different approaches:  
• The necessary calibration information is acquired by measuring step wedges made out 

of the two materials in question. 
• And alternatively, if the X-ray components are thoroughly known, the calibration data 

is calculated in advance based on physical data tables.  

 
Figure 2: Scheme of dual-energy CT data acquisition (a) filter wheel and collimator for spectra and 

beam design purposes (b) X-ray attenuation as a combined effect of photo-electric absorption and Compton 
scattering (c). 

 
The latter method requires the detailed knowledge of the X-ray tube's output radiation and 
the spectral sensitivity of the detector.  

Since the data acquisition and the physics of the material separation are complex 
procedures, one major concern of the Fraunhofer approach is the practicability of the dual-
energy technique for industrial applications. Presently, the EZRT is developing dedicated 
hardware and software components, which will allow for an automatic calibration of the CT 
system, and a quick and easy separation and evaluation of the materials within an arbitrary 
object of interest. This work includes the construction of filter wheels, additional X-ray 
intensity monitoring, and software for the optimization of the X-ray parameters. 

Results 

1.1 Helical CT  

A reconstruction of a CD spindle is presented to illustrate the performance of the algorithm. 
The parameters of the reconstructions are given in table 1. The respective parameters of the 
object are given in table 2.   

Table 1. Helical scan parameters 

Scan parameter Value 

Distance between source and rotation axis (mm) 2676.63 

Distance between source and detector (mm) 7593.92 

Number of detector pixels 1024 x 1024 

Detector size (mm) 409.6 x 409.6 

Magnification factor about 2.8 

b) a) 

photo-electric 

total 

Compton 
c) 



Cone angle about 30° 

Length of helical segment 2 turns 

Vertical object shift per turn (mm) 70 

Number of projections for helical trajectory 2000 

Number of projections for circular trajectory 800 

 
Table 2. Object parameters. 

Object parameter  Value 

Height of CD spindle (mm) 90 

Diameter (mm) 125 

Number / Height of CDs (mm) 50 CDs / 1.55 each 

 
To demonstrate the advantages of a helical CT several vertical slices of the CD spindle 
reconstructed by the standard Feldkamp algorithm and by the helical algorithm are shown 
in Fig. 3. 

 

 
Figure 3: An off-center vertical slice through the reconstructed CD spindle using a standard Feldkamp 

algorithm a) and the helical algorithm b) is shown. The respective line profiles are depicted in c) with the grey 
line referring to a) and the dashed line to b). 

 
As can be seen in Fig. 3, the Feldkamp algorithm produces an image degraded with 
geometrical distortion and several artifacts especially in regions far away from the mid 
plane. Only the discs in the mid plane can be separated. In contrast to that, the 
reconstruction of the helical algorithm is accurate and the discs are well represented 
throughout the whole reconstructed volume. The top and bottom region of the CD spindle 
is reconstructed almost without any geometrical distortion. The results show that the 
proposed algorithm has clear advantages compared to the standard Feldkamp algorithm in 
terms of image quality. 
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1.2 Dual-Energy CT  

As test object a mixed material cube was used which is made of two materials. The result of 
the dual-energy evaluation is shown in a 3D-visualization in Fig. 4. The partial volume 
made of aluminum is the lower part, the part in the upper corner is made of plexiglas. 

 
 

Figure 4: 3D-Visualization of a mixed material cube after material-selective reconstruction. 
 

The result of the material-selective reconstruction is shown in Fig. 5 for an example of a 
double step-wedge made of aluminum and plexiglas. 

 

 
 

Figure 5: Result of the material separation algorithm. Top: measured projection with 80 kV (left) and 180 kV 
plus copper filter (right); bottom: the reconstructed partial volumes representing the photo-electric absorption 

(left) and the Compton interaction (right). 
 
Potential fields of application are the material analysis of core samples, soil, or stone 
(geology), composites, fiber reinforced plastics, metal powders or ceramics (aerospace and 
material sciences), explosives, chemicals or contraband (security) and others like inspection 
tasks from biology, electronics or food industry. 

Summary and Outlook 

Our presentation will show the results of each of the advanced techniques in detail. The 
results we obtained allow for the conclusion that quantitative CT will become a highly 
accurate technique for the characterization of composite materials.  

Future work will aim at the optimization of the dual-energy approach for industrial 
applications and at combining the helical data acquisition with the material-selective data 
evaluation. 
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