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Abstract 
In the field of X-ray imaging and computed tomography (CT) various imaging techniques are required for the 
different inspection tasks. Methods for the sectional analysis of large scale objects are needed. The object size 
usually correlates with the achievable spatial resolution. Several approaches including multi-resolution 
techniques or limited angle methods define the state-of-the-art. In practical application, with a variety of objects 
to be analysed various challenges arise. For the analysis of dynamic processes such as in tensile tests, a time 
resolution is required and can lead to additional challenges. A suitable system setup for some of the methods has 
been recently designed and built up. A selection of imaging techniques and results are presented and discussed. 
 
Keywords: Laminography, sub-µm computed tomography (CT), spatial resolution, materials research, quality 
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1. Introduction and motivation 
 
A common requirement within the producing industries is a final inspection immediately 
before mounting or delivering the product. At that step, functional parts of the products are 
often surrounded by an additional housing for protection, mounting or design purposes which 
enlarges the size of the object to be inspected. Hence, the objective is to improve the ratio 
between the object size that can be handled by a CT system and the spatial resolution 
achievable within the critical regions inside the test sample. 
In general, image quality increases with longer scan times and with better accessibility of the 
object region to be inspected. Region-of-interest (ROI) or multi-scan acquisition techniques 
have been presented which generally allow for high spatial resolution CT of large objects with 
reduced artefacts [1]. In practical application the variety of products to be inspected leads to 
further challenges regarding the imaging geometry, accessibility, image quality and scan time. 
In this contribution we want to present approaches to overcome these challenges.  
 
2. System setup 

 
2.1 Imaging Techniques 

 
The complete scan of large objects has different requirements of the system than a locally 
high resolved scan of sub-areas of large objects. This section will give an overview over the 
required techniques and the limiting factors. We applied and optimized different approaches: 
 
2.1.1 Helical-CT 
The well-known Helical-CT applies a vertical feed to the specimen during the scan in addition 
to its rotation. In contrast to Feldkamp-based Axial-CT, objects of theoretically arbitrary 
length can be scanned and Feldkamp artefacts are reduced. Depending on the diameter of the 
object to be scanned, this technique can be used for high-resolution scans as well.  
In order to improve the robustness of image reconstruction, the volume to be reconstructed is 
separated into several blocks, which are reconstructed separately. The reconstruction of the 
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blocks can be performed by parallel computing. Since a scaling of the grey values is required 
onto 8 bit or 16 bit integer data, a global scaling factor is determined beforehand. If the scan 
object only covers a small region of the reconstructed area, the blocks are attached to each 
other after being cropped laterally. 
 
2.1.2 Tomosynthesis 
Planar objects tend to be hardly testable by means of CT due to their aspect ratio. 
Additionally, some larger or mounted objects may be poorly accessible from all directions. 
This is when laminography is made use of. Laminography is the state-of-the-art technique for 
the inspection of printed circuit boards (PCBs) or other electronic devices. First results have 
been generated for the inspection of solar cells [2].  
During image acquisition the X-ray components are moved on coplanar trajectories which 
define a focus plane in the region of interest of the object. Because of the limited amount of 
in-depth information due to missing projections from the side of the object, tomosynthesis 
generates 2.5-D data, rather than 3-D volumes, i.e. a three-dimensional image around the 
focus plane with limited information in the third dimension. Accessibility of the object and 
capability of the acquisition system allow different trajectories which result in varying 
properties of the reconstruction, like artefacts and in-depth information [3].  
 
2.1.3 Dynamic CT 
Dynamic processes such as tensile tests or the decomposition of food foams [4] are often 
accompanied by a limited geometrical access to the samples and lead to blurring artefacts due 
to object movement in conventional CT. An adapted image acquisition technique based on the 
Golden Ratio has been presented for neutron imaging in 2011 [5]. We adapted this technique 
for X-ray CT. Instead of acquiring all projective images successively one after the other with 
constant minimum angular steps, we divided the full circle by the Golden Ratio and use the 
following formula for the determination of every angular position:  
 

ϑi = (((360° − i ∗ σ ) mod 360°) + 360°) mod 360°,  (1) 
 

where σ + ρ = 360° and 360° / ρ = ρ / σ  according to the Golden Ratio. 
With this angular choice we make sure that: 

- 0 < ϑi < 360° for any image index i, 
- we have a zero-crossing at an early stage of the dynamic process and 
- we don’t have clustering of angular positions, independent of the numbers of angles.  

This formula is suitable for axes with a limited angular range (e.g. positions between 0° and 
360°) and can be simplified for axes which allow for unlimited rotation. In the case of hardly 
accessible objects, the angular scan range can be limited by choosing a constant smaller than 
360°. For an optimum artefact reduction, it is essential to acquire a fast sequence of projective 
images. In this case “fast” means that the large angular steps can be traversed faster than any 
major changes during the process occur. By making a sophisticated choice of subsets of 
projections, a sequence of several volumes can be reconstructed such that the dynamic 
process can be analysed with full 3D information. Due to the image acquisition based on the 
Golden Ratio, movement artefacts are expected to be minimized.  
 
2.1.4 Vertical Measurement Stacking 
If the object to be analysed is too long to be scanned by simple Axial-CT, an alternative scan 
procedure to Helical-CT is Vertical Measurement Stacking (VMS). A sequence of several 
Axial-CT scans is performed at various vertical positions. Just as in the optimized Helical-
scan a global scaling factor for the grey values can be determined, if scaling is required. One 



advantage over Helical-CT may be a better sampling of the object since full 360° information 
is used for the reconstruction of each voxel. At the same time, depending on the CT system 
scan time may be reduced compared to Helical-CT. However, this depends on the following 
questions: 

- How many axes have to be moved during the Helical-CT scan? At least an object 
rotation and a vertical feed are required during image acquisition. The vertical feed 
can be realized by either using a vertical axis for the object or by manipulating the 
X-ray tube and the X-ray detector simultaneously. In this case, the speed of the axes 
may have to be chosen slow or depending on the specific system, it may be necessary 
to move the axes subsequently rather than simultaneously. In this case scan time can 
be reduced by using VMS, since less single manipulation steps are necessary for the 
scan. 

- Which are the maximum speed and acceleration parameters of the axes? Obviously, if 
the axes can be moved quickly, the next image can be acquired sooner. The maximum 
speed also depends on the question if the vertical axes manipulate the inspection 
object or the X-ray components, especially with respect to the weight to be moved.  

- Can the detector be software triggered? If the X-ray detector is operated in a free 
running mode, the time between two frames is constant and equals the exposure time 
plus the time needed for readout and data transfer. If long exposure times are used, this 
time period is usually longer than the movement of the axes between two frames. 
Operating the X-ray detector in a software triggered mode allows starting the 
acquisition of a new frame immediately after the axes have stopped. With long 
exposure times, using VMS with a software triggered detector mode may reduce scan 
time again compared to a Helical-CT scan with a free running detector. 

 
2.1.5 Mosaic 
For some objects radioscopy may be sufficient for an adequate analysis or inspection. As in 
CT, the field of view in radioscopy is limited by the detector size, especially if a 
magnification factor much larger than 1 is required. To achieve a sufficient resolution for the 
analysis of objects larger than the detector we apply the “Mosaic” scan procedure. A virtual 
large detector area is generated by acquiring projective images at various locations of the 
detector. Obviously, a detector calibration must be performed for every single position. 
Nevertheless, a grey value balancing is recommended to avoid disturbing influences from the 
cone beam. If required, a projective image can be created by composing the single images. 
The main condition for this technique is the capability of long travelling ranges for the 
detector. 
 
2.1.6 Sub-µm-CT 
In addition to the presented techniques, conventional sub-µm-CT techniques are required for 
material characterization [4]. For the high spatial resolution we need a small focal spot size 
and a high stability of the X-ray source with respect to spatial stability and stability of the 
focal spot size and the intensity. At the same time in order to maximize the scan field, a large 
active detector area is required and the capability to perform measurement field extension. 
 
2.2 X-ray Components 
 
Based on the required imaging techniques, the following requirements on the X-ray imaging 
system were derived: 

- Obviously, long vertical axes are essential for the performance of long Helical-CT and 
for VMS.  



- At least a long horizontal axis for the detector positioning is required for 
tomosynthesis, mosaic technique and measurement field extension.  

- The dynamic CT techniques by using the image sampling based on the Golden Ratio 
work best with a rotational stage with an infinite rotation in order to avoid 
bidirectional positioning.  

- A high accuracy of the manipulation system as well as the X-ray source is essential for 
scans with a high spatial resolution with a voxel size < 5 µm. 

- A large detector width is required for a high spatial sampling as a basis for high-
resolution scans. 

The designed X-ray system consists of an FXE 225 twin head tube (transmission, reflexion) 
with a specified minimum focal spot size of 2 µm, an Yxlon 8-axes manipulator and a Thales 
Pixium RF4343 detector with an active area of 42 cm x 42 cm and a pixel pitch of 148 µm. 
The maximum suitable X-ray energy for the detector is 150 keV. Thus, this system is 
especially optimized for the analysis of light-weight-materials or composites.  
One of the advantages of this system in contrast to other systems is the long travelling ranges 
of the X-ray components. Both, detector and X-ray source can be vertically moved within a 
range of 2 m. Additionally, the detector has a horizontal travel range of 1.5 m. A maximum 
source-detector-distance (SDD) of 1500mm can be realized. On the other hand, by using the 
microfocus mode of the open X-ray tube, focal spot sizes down to 2 µm and hence a high 
spatial resolution can be achieved. With maximum SDD and using a measurement field 
extension of factor 3, samples with a diameter of 7.5 mm can be scanned comfortably with a 
voxel size of 1 µm. 
 
3 Scan results and discussion 

 
In the past, various inspection and analysis tasks arose, some of which were solved with the 
presented machine. In this contribution we present a selection of scan results. 
 
3.1 Tomosynthesis of CFRP aerostructure 
 
The EU project QUICOM, funded by the European Union Seventh Framework Program aims 
at escalating established NDT imaging techniques towards the inspection of modern CFRP 
aerostructures with cutting edge X-ray methods. As part of this project, laminographic 
imaging is being used to acquire three-dimensional images of large semi-planar specimens 
like wings, flaps, spoilers or tail units of modern airplanes. The data is used to assess voids, 
porosities, inclusions, fibre orientation or delamination – defects that are not yet approachable 
by regular XCT setups. The test samples of interest range from 300 mm to several meters in 
lateral size whilst being quite small in depth – if not planar. These complex structures are built 
of different composite layers or even different materials and bonding regions between each of 
those. Laminography allows detecting and measuring various common defects in such semi-
planar structures that cannot be found by means of 2-D radiographs whilst full circular 3-D 
µCT is not feasible with such large objects. 
There are three main challenges that influence the choice of the inspection technique: 1. Will 
the structures superimpose each other? 2. Which spatial resolution can be achieved, i.e. which 
is the minimum focus-object-distance that is suitable for all scanning positions? 3. Will the 
perspective view affect the perceptibility of the inspected structures? 
One approach is tomosynthesis. Figure 1 shows various slices of the reconstructed image. 
Various layers of the sample can be analysed, while the structures keep superimposing each 
other. A single reconstruction allows inspecting the honeycomb structures, the CFRP layers  
or the bonding region from one reconstructed dataset. Since the X-ray components are moved 



on a trajectory parallel to the object plane, the focus-object-distance can remain small 
resulting in maximum spatial resolution. 
 

     
Figure 1: Various slices from an aerospace spoiler reconstructed by means of tomosynthesis. Left: 

Honeycomb structures. Centre: Bonding region between honeycomb and CFRP layers. Right: 
Homogeneous surface.  

 
A competing scan technique for this task is Limited-Angle-CT. Figure 2 (left) shows vertical 
slices of a Limited-Angle-CT scan with a scan range of 90°. Honeycomb structures and grains 
can be clearly segmented. The distance of focus and rotation stage had to be 180 mm to avoid 
collision. As a consequence, the minimum voxel size that could be realized for this scenario 
was 18 µm. Artefacts that occur due to the limited scan range are marked by arrows. Since in 
both cases reconstruction techniques are applied, the resulting images do not suffer from 
perspective occlusions. Other artefacts may occur, though. 
 

 
Figure 2: Limited angle cross sections (left) and projection (right) of the CFRP sample. While the centre 
of the reconstructed image appears quite clear, the outer regions are afflicted with truncation artefacts 
(marked by arrows). Honeycombs and grains within the bonding can be clearly segmented. The angular 

scan range of 90° requires a large focus-object-distance of 180 mm, such that only moderate magnification 
can be realized. Radioscopy on the other hand allows for higher magnification but shows perspective 

occlusion due to cone beam geometry. 
 
The third and definitely fastest inspection technique for this task is radioscopy. Figure 2 
(right) shows a projective image. Since the object is planar and there isn’t any movement 
required, neither of the X-ray components, nor of the inspection object, very short focus-
object-distances and thus a high magnification can be realized. On the other hand we 
obviously have superimposition of object structures and we do see perspective distortion and 



occlusion. Table 1 shows the comparison of the three methods with respect to the defined 
criteria. 
 
Table 1: Comparison of tomosynthesis, Limited-Angle-CT and radioscopy with respect to the main 
imaging criteria. Advantages are printed bold 
 Tomosynthesis LA-CT Radioscopy 
Superimposition Yes Little Yes 
Minimum focus-object-
distance (FOD) 

Constant and hence 
small since the 
components are moved 
on parallel planes. 

Equals the maximum 
over the set of 
minimum FODs at 
every angular scan 
position. Can be 
reduced for smaller 
scan ranges. 

Constant and hence 
small since the 
components are not 
moved. 

Perspective occlusion No No Yes 
 
3.2 Tomosynthesis of microchip 

 
A different inspection task was the inspection of circuit paths on a microchip. Tomosynthesis 
is the state-of-the-art technique for the inspection of PCBs. Nowadays, the packing density 
keeps becoming higher; as a consequence the spatial and contrast resolutions have to increase. 
Since the tomosynthesis reconstruction is based on an addition of single images, the resulting 
image quality (SNR) corresponds to the total scan time rather than the exposure time for the 
individual frames.  
 

  
Figure 3: Tomosynthesis (left) and projective image (right) of a microchip. The contrast in the 

tomosynthesis image is enhanced; single wires can be detected and inspected. Additional structures of the 
housing which lead to disturbing influences in the projective image are blurred in the reconstruction. 

 
A high density microchip with an edge length of 6 mm has been scanned by means of 
tomosynthesis and radioscopy. Figure 3 shows the resulting images with an effective pixel 
size of 1.6 µm. The tomosynthesis scan consisted of 101 single projections, each of them 
exposed for 6 seconds. The comparing radioscopy was exposed for 45 seconds. The SNR in a 
defined object area can be improved from 36.7 in the radioscopy up to 41.9 in the 
tomosynthesis slice. The image contrast between the microstructures and the substrate rises 
from 8.2% to 12.1%. Additional structures of the housing which spoil the radioscopy are 
blurred in the reconstruction.  
 



3.3 Mosaic on optoelectronic devices 
 

Single microchips can be easily inspected by means of tomosynthesis and radioscopy as seen 
in the above section. A set of microchips or even wafers require a larger scan area, which 
usually exceeds the active area of the detector. We therefore applied the “Mosaic” technique 
to a wafer with separated microchips. The scan results in an image of 11500 x 11500 pixels. 
As can be seen in Figure 4, this scan technique does not significantly reduce the image 
information despite the diagonal penetration in the outer regions of the image. For a detailed 
analysis, the scan does not have to be repeated with higher magnification, but the information 
can be extracted from the assembled image. The devices have an edge length of 1 mm. 
 

 
Figure 4: Projective image of a wafer with separated devices (1 mm edge length). The image is composed 

by a set of 4 x 4 single images. A balancing of the grey values reduces the visibility of outlines. The 
resulting image has a size of more than 11500 x 11500 pixels.  

 
3.4 Micro-CT of a titanium sample 

 

 
Figure 5: 3D view (left), horizontal cross sections (centre) and vertical cross section (right) of the 

reconstructed volume of the Ti-sample. Object diameter is 0.5 mm. A voxel size of 2 µm is sufficient to 
characterize the outer shape of the sample and the ball shaped grains. 

 
For the application of conventional Sub-µm-CT techniques a Ti-sample with a diameter of 
0.5 mm was of particular interest. The task was the analysis of the outlines and inner shapes 



of the sample. With this information the act of material processing can be characterized. Since 
the material of the sample is homogeneous, we chose a moderate resolution of 2 µm voxel 
size in order to reduce scan time. Figure 5 shows various views of the reconstructed volume. 
The reconstructed height was 4 mm. During the scan, we acquired a data set of 800 
projections with a total exposure time of 20 minutes. Despite the usage of a prefilter of 
0.25 mm Ti, beam hardening artefacts are slightly visible.  
 
4 Conclusion and outlook 
 
Various X-ray techniques are required for manifold inspection or analysis problems. 
Especially the high resolution analysis of large-scale or hardly accessible objects leads to 
increased requirements for the system and the methods. Our recently built-up X-ray imaging 
system can perform many of these tasks and has been optimized for high-resolution scans 
< 5 µm voxel size of objects with sizes up to 2 m x 1 m. In order to cope with the high 
amount of scan data, the respective imaging techniques were optimized.  
Future work includes the development of an enhanced grey value balancing technique for 
mosaic scans in order to improve the analysis results. For the high-resolution imaging 
techniques (including radioscopy, tomosynthesis and CT) disturbing influences such as a 
secondary focal spot (Figure 3) or beam hardening (Figure 5) still have to be reduced. The 
image processing and analysis will be adapted to the processing of large volumes.  
The dynamic CT procedures are expected to lead to good results with tensile tests. A precise, 
flexible and fast rotation stage is required. For a first proof of concept, well-known slow 
dynamic processes will be characterized. If successful, the sampling based on the golden ratio 
will be applied to tensile tests or other relevant dynamic processes. 
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