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Abstract. In this paper we will show how CT as a non destructive test method can 
improve the quality of fiber composite materials. Using new algorithms, it is now 
possible to determine the internal fiber structure of composite parts by using a CT 
scan. This is used today, e.g., to examine helicopter rotor blades, allowing for the 
detection e.g. of ripples even in cases where the resolution of the scan is not good 
enough to separate single fibers in the blade. The results of this analysis, the local 
orientation of the fiber structure, can be calculated on an arbitrary scale and 
exported to other software packages. This functionality enables the user for the first 
time to compare the simulated fiber orientation with the real 3D distribution of the 
fiber directions in the samples without the need to destroy the part. But not only a 
comparison between simulated and real structure can be realized; these analysis 
results can also be used as input values, e.g., for a mechanical simulation of the part. 

Introduction  

In today’s aerospace industry, a huge challenge is an overall design optimized for 
lightweight. To solve these tasks, composite and fiber enforced materials are widely used. 
Aside from the capability to analyze the porosity and the geometry of a part in a CT scan, it 
is now possible to analyze the internal structure of a scanned part. Especially for the 
production of all kinds of fiber enforced products, an exact knowledge of the internal fiber 
structure is needed to improve the production and of course the product development 
process. The fiber distribution and direction are crucial factors for the mechanical 
properties of the final part like the shear- and the elasticity-module. New algorithms 
analyzing the grey value gradient in a CT data set make it now possible to analyze the 
internal fiber structure in a scanned part without the need to destroy it. 

1. Non destructive Fiber Orientation Analysis using CT data 

1.1 General approach 

Due to the nature of an X-ray CT scan you will get information on the internal material 
structure of the scanned part. Up to now this information is used, e.g., to analyze the parts 
for manufacturing imperfections like pores or inclusions. These defects can be detected 
automatically by analyzing the grey value differences within the scan between the material 
and the imperfection.  
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Using dedicated new algorithms, it is now possible to analyze the orientation of the internal 
grey value structure of a scanned part. If you have a scan where you have fiber structures as 
internal structures this analysis will give you the orientation and distribution of the fibers in 
your part. 

As a result of the orientation analysis you have a tensor for the local grey value 
orientation for every position in your dataset. This tensor can now be projected to a user-
defined plane or compared to a specified reference direction. The results can be visualized 
as a color overlay showing local orientation (see Figure 1). Using this analysis in a Region 
of Interest with a known nominal fiber orientation, the statistics provided along with the 
analysis result gives the possibility to compare nominal and real orientations.  

 

 
 

Figure 1: The left image shows the fibers in a CT scan, in the right image the orientation of the fibers is 
color-coded and locally probed at 2 positions. 

 
Apart from to the color coded visualization of the local orientation, where the calculated 
local orientation tensor is projected in a plane or compared to a reference direction, the 
actual tensor can also be visualized directly in 3D. The determined tensor is shown as 
several ellipses in Figure 2. The different colors of the ellipses represent their different 
shapes. In this example, the tensors shown are averaged within a certain volume. Having 
this averaging capability can give you a very quick overview of the average orientation 
within a specific region of your object.  

To understand the distribution of fiber orientations along a given coordinate axis 
(e.g., perpendicular to the surface of the part), it is possible to calculate averaged 
orientation tensors slice by slice in an arbitrary direction. The result is displayed in a line 
plot of the individual components of the orientation tensor, providing the possibility to 
compare nominal and actual values. A typical plot is shown in Figure 3. In this real world 
example, the mean orientation of the fibers in the middle of the part is perpendicular to the 
orientation at the edges. This can be seen also in Figure 2 where the same results are shown 
in 3D as described above. 
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Figure 2: The orientation tensors are visualized as ellipses in the 3D image of the scanned object. The change 
of the local orientation in the middle region of the object is clearly visible. 

 
 
 

 
 

Figure 3: Line plot through one slice of the 3D data set, showing the xx,yy and zz components of the 
orientation tensor. 
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2. Closing the loop of simulation using fiber orientation in CT data 

2.1 A non destructive way to verify simulations in the manufacturing process  

Using a CT for the inspection of fiber structures will open the possibility to close the big 
gap between the simulation of fiber-reinforced parts and their respective quality control. 
Once you have the information of the local orientation generated via a CT scan available at 
every single position in the object, it is easy to compare the actual orientation of the fibers 
with the simulated nominal orientation. Normally the detail level of a CT scan is much 
higher than the used grid size for mechanical and manufacturing simulations. To overcome 
this problem, it is useful to average the orientation results on a higher scale. In Figure 4 the 
averaged results for a coarse grid are shown.  

To get comparable results between a simulation and real world data, it is possible to 
import the specific simulation mesh directly into the visualization/analysis software. The 
analysis will then calculate averaged values of the local fiber orientation and also the 
fiber/matrix ratio for each single cell. This will allow for the direct comparison of 
calculated and simulated values without any mapping error. 

Using the simulation grid as a basis for an averaging of the local orientations makes 
a comparison of the simulated and the measured orientations- very accurate. With this 
functionality a complete new level of simulation accuracy will be achieved. An 
improvement of the simulated manufacturing process will lead to a shorter product 
development time, and of course will increase the overall quality of the part. All this can be 
done without destroying the part and very fast compared to the standard methods used 
today like cutting, polishing and 2D analysis. With this kind of direct 3D analysis the 
quality and process control of composite parts will come to a new level of accuracy and 
speed. 

2.2 Getting data for “real world” mechanical simulations of composite parts 

The orientation of fibers or fiber bundles is crucial for the mechanical properties of a part. 
Especially the shear and the elasticity module are heavily influenced by the internal fiber 
structure. For the whole design process of a lightweight part, a simulation of the mechanical 
properties is important. For fiber enforced parts, up to now this has been difficult to achieve 
without the exact knowledge of local fiber orientation and distribution. Having now the 
possibility to get the exact local fiber orientation and the fiber matrix ratio for every single 
simulation cell will increase the quality of the simulation results dramatically. 

Taking advantage of all information a CT scan provides, especially the distribution 
of pores, fiber directions and the fiber matrix ratio is leading to a better understanding of 
the interactions between these components. Building up on this knowledge leads to a 
deeper insight into the dependencies between material used and the mechanical properties 
that can be achieved. Especially the influence of imperfections of and within the materials 
used on the mechanical properties can be predicted more accurately. 

Using these new possibilities will make the whole product design process much 
faster and more reliable. 
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Figure 4: The top left image shows the original CT data. Top right shows the grid as basis for the averaging. 
The bottom left image shows the color coded visualization of the orientation analysis. In the bottom right 

image the structure tensors are shown averaged within the grid. 

3. Fiber Analysis in helicopter rotor blades 

The analysis described above returns very good results even in a scan where the single 
fibers could not be segmented (see Figure 5). That means that the software tool can handle 
whole fiber bundles in the same way as single fibers (see Figure 5) if the resolution in the 
scan is not good enough to make single fibers visible. 

The described fiber structure analysis in combination with the capability to compare 
parts against an averaged master part is already used today, e.g., to inspect rotor blades of 
helicopters [1].  
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Figure 5: The left image is showing a fiber orientation analysis in a helicopter rotor blade to identify ripples. 
The defect could clearly be detected, although the resolution is not good enough to segment single fibers in 

the blade, see right image. 
 

The comparison against an averaged master part as described in [1], which has been 
generated based on a statistically significant number of good parts, allows for deciding 
whether a specific analysis result is a defect, or if it is within the local production tolerances 
at this specific position in the part. At the end the nominal values of the orientation for 
every position and the permissible deviations caused by the production process are 
available.  

4. Conclusion and Outlook 

In this paper a complete new way of analyzing fiber orientations in CT data has been 
shown. Furthermore a real world example illustrates that these techniques can be used for 
parts in the aerospace industry e.g., for the inspection of rotor blades, even if the scan does 
not have the resolution to separate every single fiber within the scan. Aside from the ability 
to check the orientation of the internal structures of a part, it is also possible for the first 
time to get a direct link to the simulation world. By averaging the local fiber orientations 
within a grid, which can be imported or exported into a simulation software, a better 
understanding of the effect of the defect can be achieved.  

Here again, using CT can and will improve the whole process chain linked to the 
production and development of fiber enforced materials. The techniques described above 
opens up a lot of new possibilities for quality control, especially in the aerospace industry, 
where safety and lightweight design are the crucial factors for further product 
developments.  
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