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Abstract 

Recently non-destructive testing (NDT) and especially computed tomography (CT) have been established as 

powerful tools for quality control within the production process. The entire value added chain can be 

accompanied by NDT-techniques in order to assure that the single processing steps yield the highest accuracy. 

On the other hand, NDT allows for an early identification of devices with inferior quality or functional failure. 

With this awareness further processing steps can be skipped and hence cost effort can be reduced.  

Additionally, once a product has been delivered or mounted at the customer’s site, a failure usually comes along 

with a high cost for demounting and exchanging the product and with a damage of reputation of the producer. A 

common requirement is hence a terminal inspection immediately before mounting or delivering the product. 

Often, the functional parts of objects are surrounded by an additional housing for protection, mounting or design 

purposes without any functionality. In this case only the inner functional part of the object is of interest for 

inspection. Region-of-interest or multiscan acquisition techniques have been presented which generally allow for 

high-resolution CT of large objects with reduced artifacts. If the entire object is much larger than the region of 

interest though, further challenges regarding the acquisition geometry arise. 
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1.  Motivation 
 

X-ray technology as computed tomography (CT) has been well established for non-

destructive testing during the past decades. Particularly the automotive industry relies 

exceedingly on automated inspection of all safety-relevant parts. The inherent interest of 

automotive and other industries is to reduce the difference between cost and income. Their 

goal is to reduce discard on the one hand and on the other hand to avoid unnecessary 

processing steps on parts or products which might have taken damage during prior steps and 

hence not be functional anymore. A reliable instrument for the decision whether or not a 

product is functional and fulfills all requirements on the quality is therefore needed. At the 

same time some damages may occur in later processing steps, when the product had already 

been mounted or surrounded by housing or shielding which makes the functional parts hardly 

accessible. A final inspection of the completely assembled product must insure the 

functionality and long-term reliability of the product. The absence or failure of this inspection 

can lead to high costs due to product recall resulting often in damage to the company’s image. 

Depending on the critical void size high-resolution imaging techniques are required for the 

imaging of complete devices or products. Opposite to the classical application fields of X-ray 

like Aluminum castings high resolution X-ray imaging is required for complex objects and 

materials like semi-conductors or CFRP structural parts.      

State of the art sub-µm CT setups allow for high-resolution CT [8]. The maximum sample 

size that can be handled by the systems is generally limited. They are only partially what can 

be called an instrument for NDT, since frequently small samples must be prepared 

destructively for an adequate scan. Multiscan procedures or region-of-interest CT (ROI-CT), 

which is sometimes referred to as local CT, have been presented recently [8]. They are able to 

resolve inner parts of objects apparently without any loss of information despite of the 

surrounding material. These algorithms have been designed and optimized for compact 

specimen, though, and must be adapted and optimized for the successful application on larger 

and heavier objects. In addition, magnification based high resolution CT is not practical for 

objects with at least two larger dimensions than the required source object distance (SOD). 
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The scan of these kinds of planar objects suffers from a lower achievable CT image quality 

due to the bad aspect ratio and the resulting angular-dependent X-ray attenuation difference. 

In opposite to the standard cylindrical scan trajectory, they are preferably imaged in the 

minimum penetration direction using laminographic techniques based on a planar scan 

trajectory. The laminography is in focus of our research as a complementary method to  ROI-

CT and multiscan technique to extend high resolution semi-3D imaging for size independent 

objects.  

The examination of solar cells has already shown reliable results applying tomosynthesis 

reconstruction technique [7]. It has been shown that solder joints can be analyzed precisely in 

depth of connection relevant layers on the cell. Even if several solder joints superimpose each 

other, which occurs as soon as several solar cells are connected, their solder joints can be 

analyzed independently of each other by means of tomosynthesis. Figure 1 shows two X-ray 

images of solder joints of a solar cell. The image on the left is a radioscopic image, averaged 

from all penetrated layers of the object in the beam path. Object structures superimpose each 

other since all of them are projected onto the detector plane in the same level. The image on 

the right is a layer reconstructed by means of the tomosynthesis reconstruction technique. A 

set of projections acquired by rotating the source and the detector counterclockwise on planar 

trajectories around the ROI is averaged pixelwise resulting in one sharp layer for each pixel 

position on the detector. The reconstructed volume contains single layers which reduce the 

influence of superimposition in each layer dramatically compared to radioscopy. The front 

side and back side soldering can then be analyzed independently. 

 

  
Figure 1: Radioscopy (left) in comparison with a slice reconstructed with tomossynthesis (right). Two 

soder joints superimpose each other in the beam direction. Front side and back side soldering can’t be 

distinguished in the radioscopic image. In the tomosynthesis image in contrast, the front side soldering lies 

inside the focus plane and can be well seperated from the back side solering which is hardly visible. 

 

This approach can be applied to several other analysis tasks. The challenging task and the 

focus of this publication are to adapt this technique for entire PV modules, i.e. with all kinds 

of housing, shielding and electric connectivity, without any loss of spatial or contrast 

resolution. 

A scan of CFRP samples shows impressively the power of tomosynthesis in comparison with 

conventional CT. Likewise the tomosynthesis of solar cells, each layer of carbon fibers can be 

brought into the focus plane with a set of projective images. During image acquisition the 

X-ray source and detector are moved within two parallel planes. Each object, which can be 

brought in between the two planes, can be scanned effectively with this technique, even if it 

has a lateral expansiveness. In contrast a normal CT scan depends on the fact that radiation is 

attenuated in a similar degree from each angular view. Planar objects lead to artifacts due to 



their bad aspect ratio. Additionally, the imaging geometry in this case is limited due to the 

required rotation of the object or the components, whereas laminography turns out to be much 

more flexible with respect to the imaging geometry with planer objects. Figure 2 shows two 

tomosynthesis slices and a CT slice of a CFRP sample. Both images have a pixel size of 

5 µm. The tomosynthesis image has been performed at an intact CFRP plate of approximately 

150 mm x 100 mm size. The fiber layers superimpose each other to some extent but can be 

separated by analyzing their sharpness. The CT slice does not show any superimposition of 

fibers at all and the fibers can be undoubtedly segmented and analyzed. Unfortunately, a 

sample of only 10 mm diameter had to be prepared destructively for this scan. 

 

 
Figure 2: Tomosynthesis (left) and CT slice (right) of a CFRP sample. The tomosynthesis technique can be 

easily applied to large samples with a planar aspect ratio. For the CT scan in contrast a sample of 10 mm 

diameter had to be prepared destructively. 

 

For the provement of ROI-CT methods with laminography we designed and realized a high-

resolution cone-beam CT system for the inspection of hidden structures in large and heavy-

weight objects. This system is aimed to be used for the inspection of segments of rotor blades, 

PV modules or any large CFRP samples. 

 

2.  System Setup 
 

The system setup is optimized to generate high-resolution volumetric images for the structural 

inspection of sub-µm structures in a scan area of up to 2 m x 1 m. The object size as the 

resulting weight can even be higher due to the unnecessity to move the object during the scan. 

Especially large and heavy-weight objects recently led to challenging inspection tasks, such 

that this system has been designed preferentially for NDT tasks of specimens even above 

50 kg. It is self-evident, that an increased load combined with longer travel ranges compared 

to conventional CT systems leads to stricter requirements regarding the accuracy of the 

manipulation system. In the extreme case a CT measurement of a sample of 50 kg being 

positioned 1m off-centered has to be as accurate and lead to a comparable image quality as a 

centered scan of a more light-weight object with similar geometries. 

As a first approach towards high-resolution CT of large objects an ice-core CT was realized in 

2010, which apart from the inhospitable surrounding temperature already coped with long 



vertical travel ranges. Ice cores with lengths up to 1 m are analyzed by means of Helical CT 

with a voxel size down to 12.5 µm and inner parts of the core can be reconstructed with even 

higher spatial resolution with voxel sizes down to 3.5 µm [6]. 

Compared to the ice core CT and the conventional Sub-µm-CT setup ([4], [5]) we chose to 

apply a couple of modifications. In order to realize a large field of view we chose an Yxlon 

manipulation system with seven linear axes on a granite basis. Detector and tube axes both 

allow for vertical travel ranges up to 2000 mm. Long horizontal axes for the detector 

(1500 mm) and the specimen (800 mm) allow for the sophisticated positioning of large 

objects without having to prepare smaller samples and linear axes along the beam direction 

allow for flexible source-detector-distances (SDD) between 300 and 1500 mm. Besides the 

flexibility with positioning large objects, these degrees of freedom bring further advantages: 

Objects much larger than the active area of the detector can be automatically scanned. A huge 

variety regarding the penetration angles ensures flexibility when it comes to laminographic 

setups, which is crucial for large-scale flat objects.  

The high-resolution imaging is supported by the Thales Pixium RF 4343 detector, which has a 

large active area of 43 cm x 43 cm with approximately 3k x 3k pixels. Due to the relatively 

large pixel size this detector provides a high sensitivity for low X-ray flux applications and 

energy ranges between 40 keV and 150 keV. A conversion of the signal into 16 bit grey 

values is the basis for a maximum dynamic. The characterization of the flat panel showed 

promising results. We measured the basic spatial resolution by means of a duplex wire (EN 

462-5). The resolution of 150 µm as well in horizontal as in vertical direction keeps very 

close to the pixel pitch of 148 µm. This behavior is also confirmed by the MTF which shows 

a contrast of 10% at 3 line pairs, 25% at 2 line pairs and 55% at one line pair per millimeter 

[9].  

The X-ray source is an Yxlon FXE 225.99 Twin Head tube with specified spot sizes down to 

6 µm with directional target at 2 µm with transmission target respectively. A sketch of the 

system is shown in Figure 3. The long linear stages allow for maximum flexibility in the 

system. Laminographic trajectories shall be possible for a variety of magnifications and 

laminographic angles. The detector can therefore be freely positioned in a field of 1500 mm x 

2000 mm. The total height of the system is 3.5 meters. 

 
Figure 3: Sketch of the tomosynthesis system.  Source detector distances up to 1500 mm can be realised. 

Both tube and detector axes allow vertical travel ranges up to 2000 mm. For laminographic trajectories, 



both towers are equipped with horizontal linear stages. A lateral movement of 250 mm (tube), 800 mm 

(specimen) and 1500 mm (detector) yields maximum flexibility. Source: Yxlon International. 
 

The system is able to perform a multi-level scan in the sense that at first a rough overview 

scan can be done with a small magnification (e.g. factor 2). This scan can be performed with 

any SDD, e.g. the minimum SDD of 300 mm can be chosen in order to maximize the photon 

yield and hence to minimize scan time. In the case of suspicion, a high-resolution scan can 

follow up for the reliable proof or disproof of the supposition that the respective specimen is 

free of defects. 

It is obvious that high-resolution CT scans of parts of large objects often result in ROI-CT 

scans. Algorithms reduce the well-known artifacts by making assumptions regarding the 

geometry of the object. Nevertheless, we aren’t necessarily able to extract information about 

the primary intensity out of the projective data, and hence won’t notice changes of the 

intensity of the radiation during the scan. Changes of the grey value will be untruly assigned 

to a distinct absorption of the radiation by the material, i.e. distinct penetration lengths or a 

distinct density of the penetrated material. An additional one-pixel X-ray sensor (I0-monitor) 

copes with that by giving changes of the primary intensity as additional information into the 

reconstruction algorithm. 

Further optimization can be made by performing a specialized correction algorithm to reduce 

ring artifacts in the resulting reconstructed image. Ring artifacts are generated by sensor 

elements which show anomalous behavior compared to other pixels and that could not be 

compensated by the gain calibration. In an axial (i.e. non-helical) CT these pixels create 

circular artifacts in the reconstructed image. Those artifacts can complicate the analysis of the 

responding image data. To reduce the impact of these artifacts we perform an inline procedure 

that wobbles the detector and therefore the anomalous pixels will be blurred over multiple 

projections and pixels [2]. With a regular pattern of the detector movement it has been 

observed that ring artifacts also convert into regular artifact patterns that superimpose the 

reconstructed slice. We adapted the algorithm in the way that the detector takes irregular (i.e. 

random) lateral positions during the measurement. The degree and frequency of displacement 

are configurable depending on the detector type and behavior characterized before. This 

optimized algorithm reduces the negative influence of these sensor elements which suppresses 

the clear visibility of the ring artifacts. A higher image quality can be achieved which may 

allow us to detect details otherwise overlaid by the ring artifact.  

Another possible optimization is to minimize the measurement time. One option is the 

continuous rotation of the object during data acquisition. This measurement method leads to a 

higher ratio of total exposure time to total measurement time. In standardized setups the axis 

system stops at every angular position and subsequently starts the integration of the image. In 

contrast the so called Flyby-CT continuously moves the object and acquires the image during 

the rotation movement. This allows for a reasonable saving of time per measurement task. 

When combined simultaneously with an appropriate X-Ray source we may be able to reduce 

the needed exposure time and still achieve sufficient signal intensity without the need to 

average the detector images and thereby increase the detector’s inhomogeneity which 

themselves would facilitate ring artifacts. It has to be noticed on the other hand, that this 

measurement method can cause image noise, blurring and motion artifacts which have to be 

treated separately.  

 

3.  Experimental approach 

 
The image quality of reconstructed data strongly depends on the acquisition geometry and the 

reconstruction algorithm. As stated before, CT is not suitable for planar objects due to their 



inappropriate aspect ratio. Laminographic imaging techniques are used instead. However, 

laminography suffers from the loss of spatial resolution in comparison to CT in the dimension 

perpendicular to the imaging plane. The detail recognisability within laminographic images is 

object-dependent especially with respect to a potentially predominant direction of object 

features. 

Therefore a series of simulations have been done to find out the influence of acquisition 

geometries (radioscopy, axial CT, limited angle CT, rotational and translational 

laminography) and the reconstruction techniques filtered back projection (FBP), algebraic 

reconstruction technique (ART) and tomosynthesis on the image quality with equal 

circumstances apart from that. For this study we used the analytical X-ray simulation software 

Scorpius XLab®. The objective is to find an optimum of detail recognisability in terms of 

spatial and contrast resolution in distinct large scan objects. 

For comparability reasons we simulated an imaging geometry as close to the realized system 

setup as possible. We worked with a fixed SDD of 1000 mm and modified the source-object-

distance (SOD) for achieving distinct magnifications. We simulated two test specimens made 

of a homogeneous CFRP material furnished with cylindrical drillings with a radius of 1.5 mm 

(Sample O) and with spherical defects respectively, having a radius of 1 mm (Sample F). The 

detector is an array of 2874 x 2840 pixels with a pixel pitch of 148 µm. For algorithmic 

reasons, we reduced the active width of the detector down to 2864 pixels in the case of limited 

angle CT. Table 1 shows the used parameter set. 
 

Specimen Magnification Acquisition geometry Number 

Projections 

Laminographic  

angle / width 

Reconstruction  

algorithm 

Sample O 1.25 Rotational Laminography 16 10° Tomosynthesis 

Sample F 10 Translational Laminography 100 30° FBP 

 50 Limited Angle CT (1000) 5 mm ART 

 100   20 mm  

    50 mm  

 

Table 1: List of all crucial parameters used for the simulation study. The magnification was modified by 

manipulating the position of the specimen in the beam with a fixed SDD. A simulation of a data set with 

1000 projections was only made for the Limited Angle CT for comparison purposes. The laminographic 

trajectories were reconstructed with tomosynthesis, the limited angle trajectories were reconstructed by 

means of filtered back projection (FBP). 

 
A huge variety of parameters has been used for the simulation with any reasonable 

combination. For practical reasons, only a selection of results can be presented in this paper. 

The reconstruction algorithm correlates directly with the acquisition geometry, though, in the 

sense that the laminographic trajectories were reconstructed with tomosynthesis and the 

limited angle CT was reconstructed with filtered back projection (FBP). The laminographic 

angles of 10° and 30° were applied to both the rotational laminography and the limited angle 

CT, whereas the translational laminography was parameterized with a laminographic width 

instead. 

 

4.  Results and discussion 
 

Magnification  

Obviously, the magnification influences the image quality in the way that the detail 

recognisability enhances up to a certain degree, whereas the field of view decreases (Figure 

4). A black border in the reconstructed images shows, that also the reconstructable area 

diminishes with increasing magnification. The scan with magnification 1.25 results in a voxel 



size of 118 µm which is sufficiently small for many inspection tasks or overview scans. If 

more spatial information is required for the respective inspection task, higher magnifications 

can be realized which results in smaller voxel sizes.  

 

   
Figure 4: Tomosynthesis image of Sample O with magnification 1.25 (left), 10 (center) and 50 (right). With 

an increasing magnification, the field of view decreases but the detail recognisability improves. The 

images have voxel sizes of 118.4 µm, 14.8 µm and 2.96 µm respectively. 

 

Acquisition trajectory The optimum trajectory for laminographic image acquisition is object 

dependent [1], [3]. We therefore chose a rotational trajectory and a linear trajectory with 

different laminographic angles or widths respectively to find the optimum image quality. 

With a small laminographic angle around 0°, artifacts increase and hardly any depth 

information can be reconstructed. The image information in a tomosynthesis slice 

reconstructed out of a data set which has been acquired with small laminographic angle is not 

much higher than the information in a projective image. If the laminographic angle gets too 

large, on the other hand, the amount of object layers that can be brought into the focus plane 

decreases.  

Contrast and spatial resolution can be determined best in the case of magnification 10. A 

translational laminography with a horizontal trajectory yields good detail information in the 

direction of the trajectory and reduced detail information in the direction perpendicular to the 

trajectory. A rotational trajectory leads to more blurring and thus less contrast, especially in 

the center of the reconstructed slice, since in this case the radiation never penetrates the object 

perpendicular to the object plane. The image quality is comparable in both dimensions, 

though (Figure 5). 

 

  
Figure 5: Grey value profiles of the reconstructed slices of figure 4. The rotational trajectory yields fair 

results in both horizontal (left) and vertical (right) direction, whereas the horizontal translational 

trajectories shows strong artifacts in the vertical direction which is perpendicular to the direction of the 

trajectory. 
 

 



 

Number of projections  

Additionally, it is always intended to reduce scan time. It was therefore a matter of 

investigation how small the number of projections can be chosen to still achieve a reasonable 

image quality. We simulated data sets of 16 projections and of 100 projections with the same 

imaging geometry (Figure 6). The grey value profiles have been determined along the 

horizontal path in the detector center. Due to a distinct scaling factor during reconstruction, 

the absolute grey values cannot be compared directly. The signal to noise ratio differs in the 

two reconstructions since the image noise decreases with larger datasets. 

 

 
 

Figure 6: Tomosynthesis image of sample O reconstructed out of a data set of 16 images (top) and 100 

images (bottom). Angular artifacts occur increasingly with lower numbers of projections. Due to a distinct 

scaling factor, the absolute grey values are not comparable. Image noise is significantly lower in the 

dataset of 100 projections. 
 

Reconstruction technique  

As a final parameter we have the choice between several reconstruction techniques. 

Laminographic data sets can be reconstructed with tomosynthesis which is very fast or 

algebraic reconstruction technique (ART), which is an iterative approach and has its strength 

in avoiding artifacts due to missing angular information. As a comparison, we simulated 

limited angle data sets in an axial trajectory and reconstructed them with a filtered back 

projection (FBP). Due to the distinct reconstruction approach, FBP necessitates far more 

projective data for the reconstruction of a volume than tomosynthesis does. We therefore 

reconstructed data sets of 16 and 100 projections respectively with tomosynthesis and FBP 

and an additional data set of 1000 projections within the same angular scan range of +/- 30° 

with FBP. The larger data set comes along with longer scan and reconstruction times. Figure 

7 shows a comparison between tomosynthesis and limited angle CT. 



 

 
Figure 7: Tomosynthesis slice (top) and limited angle CT slice reconstructed with FBP (bottom). Due to 

the limited angular view, lateral artefacts occur with the limited angle scan. The tomosynthesis scan is 

much more blurred on the other hand. As can be seen in the grey value profile, the drillings are clearly 

bounded by sharp edges. 
 

Conclusion 

High-resolution X-ray imaging techniques are required for large objects and hardly accessible 

product features. Computed tomography leads to a sharp reconstruction of object features by 

means of filtering. The laminographic images are noticeably superimposed by a gradient 

which may be reduced during reconstruction by means of filtering as well. As shown in 

Figure 8 the third dimension perpendicular to the object plane does not yield too much spatial 

information. Nevertheless, laminography allows for a depth resolution of sharpness levels and 

is hence the tool of choice for the inspection of planar objects. 

 

 
 

 
Figure 8: Cross-section through the reconstruction of the limited angle scan (top) and tomosynthesis 

(bottom) perpendicular to the object plane. The limited angular view causes artifacts which reduce the 

depth resolution of the reconstructed data. Likewise tomosynthesis images, limited angle CT scans cannot 

be reasonably evaluated in all three dimensions. 
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