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Abstract 
Glass fiber reinforced polymers are increasingly used in aerospace and automotive industry due to the 
advantage of light weight and better mechanical property. The mechanical properties of reinforced 
polymers are depending on the physical and geometrical characteristics of the material used as rein-
forcement. Fiber orientation and fiber length play an important role in defining the mechanical proper-
ties of the polymer component. X- Ray computed tomography (XCT) is an efficient non- destructive 
testing method for the characterization of glass fibers in reinforced polymer composites. The XCT im-
ages consist of gray values which represent polymer matrix, glass fibers and noise. The glass fibers are 
to be divided into free fibers and clusters. Free fibers are fibers which do not touch other fibers, while a 
cluster is a group of fibers touching each other. An increase in the fiber content increases the formation 
of clusters in the polymer matrix. This paper provides an algorithm to extract single fibers from poly-
mers in a XCT image using fiber skeleton extraction. The method was applied on specimens with four 
different fiber contents: 1, 5, 10 and 30% weight. An empirical method is used to determine the num-
ber of fibers in the specimen and used as a reference method to evaluate the algorithm. To quantify the 
error of algorithm, a minimum and average probability to extract the correct fibers were estimated. 
Fiber orientation is not affected much by inaccuracies of the algorithm; however the fiber length distri-
bution is affected for fiber content above 5%. 
 
Keywords: X-ray computed tomography, fiber length distribution, fiber orientation distribution, binary 
thinning, error estimation. 

1  Introduction 
Development and improvement of a structural component made of heterogeneous polymers require the 
knowledge of geometrical details of the different phases. For glass fiber filled polymers, fiber orienta-
tion distribution (FOD), fiber length distribution (FLD) and the fiber content have been identified as 
very important parameters for defining the mechanical behavior of the component [1]. In the recent 
decades, several methods were established to measure FOD and FLD. The established methods are 
destructive methods which usually gather either the orientation or the length distribution [2]. Fiber 
orientation is obtained by investigating cross sections using x-ray or light optical microscopy (LOM) 
[3]. Fiber length is usually determined using light optical microscopy after burning the matrix or esti-
mating lengths from cross sections along with a correction factor [4]. 
 
Recently three dimensional methods based on XCT have been developed to determine the orientation 
and length at the same time without destruction of the specimen. The industrial XCT devices can be 
used to provide images with resolution in the range of micrometers. Several algorithms have been in-
troduced to characterize fibers in XCT image. [5] provides a method to extract the fiber length and 
orientation from a fiber network using skeletonisation and was applied for steel fibers extraction. [6] 
provides algorithms to extract single fibers based on skeletonisation method on a XCT image for a 
resolution of 7 µm. When the resolution is increased, problems in the areas of touching fibers occur. 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rti

cl
e:

ht
tp

s:
//w

w
w

.n
dt

.n
et

/?
id

=1
07

46



 

52 

Since the exact characterization of each and every fiber requires high resolutions we present an en-
hanced method to overcome some of the skeletonisation effects and to extract single fibers from the 
polymer matrix. 
 
The paper is organized as follows: Section 2 explains the software pipeline in detail to extract the fi-
bers from polymer matrix. Section 3 explains the experiments conducted on the test specimens fol-
lowed by their result in Section 4. Finally the paper is concluded with the advantages and further im-
provements of the pipeline. 

2  Software pipeline 
The software pipeline as shown in Figure 1 basically uses a grayscale image as input and applies sev-
eral image processing algorithms to provide characteristics of each fiber as output. The input image 
consists of gray values which represent polymer matrix, glass fibers and noise. The noise is minimized 
using anisotropic diffusion [7] which preserves the edges of the fibers in the pre-processing step.  
A global threshold method according to Otsu [8] is applied in the segmentation process to separate the 
fibers from the polymer matrix. In the segmented image the fibers can be classified into free fibers and 
fibers that are touching. Areas of touching are defined as clusters. The frequency of occurrence of a 
cluster increases with the increasing fiber content in the specimen.  
 

 
Figure 1: Software pipeline for extracting glass fibers from polymer composites from 3D CT image. 

 
The extraction of fiber skeleton from the segmented image is done using 3D binary thinning proposed 
by [9]. 3D Binary thinning removes the voxel, if the following conditions are satisfied. 

1. If voxel is a surface voxel. 

2. If voxel is not end of line. 

3. If deleting a voxel does not create hole. 
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4. If deleting a voxel does not change the number of connected component. 

 

 
Figure 2: A virtual data set explaining the cluster analysis – green mark represent end point; red mark represent 

branch point. 
 
The output of the binary thinning consist of free fiber skeletons, which can be directly used for the 
extraction of fiber characteristics, and cluster skeletons which need further processing. Figure 2 shows 
the cluster analysis used to extract single fiber skeletons from the cluster skeletons. The cluster skele-
ton consist of branch points which has more than 2 neighboring voxels and end points which has only 
one neighboring voxel. Fiber segments are traced from a cluster network which ends with an end point 
or a branch point. Fiber segments could have one end as end point and the other as branch point or 
both ends as branch points. Each fiber segment is linked to its respective branch point. Duplicate 
branch points that are lying within a certain distance (cluster distance) are removed and the fiber seg-
ment details are transferred to the new branch point using connected component analysis. The touching 
area between two fibers is represented as a fiber segment which is a false representation of the touch-
ing area formed due to binary thinning in high resolution XCT images. These fiber segments can be 
removed as they have a length less than or equal to the fiber diameter and both the ends are branch 
points. The remaining fiber segments at each branch point are connected based on the angle between 
them, called the kink angle. For straight fibers the kink angle between fiber segments is greater than 
160°.  
The output of the cluster analysis gives separated single fibers which can be used for extraction of fiber 
characteristics. 

3  Experimental 
The material that was used for this study is injection molded Polypropylene filled reinforced by long 
glass fibers. Fiber contents of 1, 5, 10 and 30 % by weight were analyzed as shown in Table 1. The 
mold had a standard tensile bar geometry. The average diameter of the fibers was 13.5 µm. For the 
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generation of CT data the Sub-µm-CT device Nanotom (Phoenix-xray, Wunstorf, Germany) was used. 
The Nanofocus® tube was operated at 50 kV and a focal spot size of about 2 µm. A Hamamatsu detec-
tor with 2300 x 2300 pixels was used. To be able to visualize the whole cross section of a tensile bar 
test specimen with 4 by 10 mm edge length, the resolution could be set to 6 µm per Voxel. To improve 
image quality and reduce artifacts, measurements with a resolution of 2 µm per Voxel were performed 
on a smaller cutout of the specimens.  
 
The existing software pipeline was applied on the test specimens with the following parameters: 
Anisotropic diffusion: Iteration (10), timestep (0.0625), conductance (5); 
Binarization: Otsu- value * 1.25; 
Cluster analysis: kink angle: 160°; Cluster distance: 14 µm (ca. fiber diameter); 
 
The software that was used to determine the accurate number of fibers was the standard 3D data analy-
sis tool ‘VG Studio MAX 2.0’ (Volume Graphics, Heidelberg, Germany). The toolbox ‘Geometry 
Analysis’ was used therefore to fit cylinders by manually selecting every individual fiber. 
 

Specimen 1% a 5% 10% 30% 
Data size (MB) 285.5 79.7 33.0 3.8 
No. of fibers 
(manually counted)  85 107 175 112 

Table 2: Overview of analyzed data, Voxelsize: 2 µm 
 

To evaluate the result of fiber length distribution the standard method of burning the matrix and ana-
lyzing the remaining fibers by light optical microscopy was applied. For 100 fibers the fiber length was 
determined for a specimen with 5% fiber content. 

4  Results and Discussion 

4.1 Error estimation 
To be able to point out how many fibers within the analyzed volume are represented correctly the total 
number of fibers was determined by a manual data analysis. For each fiber a cylinder was fit to guaran-
tee to count each fiber exactly once. In Figure 3 the fibers are displayed semi-transparent to see the 
fitted cylinders as well as the fibers. For the evaluation of the algorithms all CT data were scanned at 2 
µm Voxelsize. 
In a first step the result of the automated analysis was evaluated in terms of correct number of fibers. 
 

Fiber  content (wt.) Manually counted 
fibers Total fibers Error in No. of fibers (%) 

1 % a 85 99 16.5 
5 % 107 112 4.7 
10 % 175 179 2.3 
30 % 112 130 16.1 

Table 3: Comparison of number of fibers counted manually and total fibers extracted automatically  
 
For investigating the reason for the errors in number of fibers, images of the binarized, the binary 
thinned as well as the extracted fibers were analyzed. (Figure 4) These showed that problems only oc-
cur in points where fibers are touching. Free fibers are represented correctly. 
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Figure 3: 3D image of transparent fibers and fitted 

cylinders for each fiber (5% fiber content) 

 
Figure 4: 3D images of intermediate results of different 
stages of the data analysis pipeline in a cluster region: 
binarization (a), binary thinning (b), extracted fibers 

(c)) 
 

Two main influencing parts of the procedure were identified for the wrong extraction: Segmentation 
and Binary Thinning. Due to artifacts that influence the gray values for the fibers in different regions 
of the data set, global thresholding leads to the loss of small fibers for high threshold value. On the 
other hand the touching area increases for low threshold values. In any case areas of touching fibers, 
the clusters, affect the result of binary thinning in a way that the number of fibers cannot be recon-
structed accurately in this area. These two effects lead to the conclusion, that taking only the error in 
number of fibers into account is not sufficient to estimate the overall error of the whole fiber extraction 
algorithm. 
 
From the matter of fact that free fibers are always extracted in a correct way, we can define a minimum 
probability PM to extract the fibers correctly: 
 

%100*
fibres Total
fibres Free

=MP  

 

Fiber  content (wt.) Total fibers Free fibers  Minimum probability 
PM (%) 

1 % a 99 66 67
5 % 112 77 69
10 % 179 87 49
30 % 130 19 15

Table 4: Estimation of Minimum Probability to extract the fiber correctly from the number of free fibers 
 

For the cluster fibers it turned out that, depending on the fiber content, the error varies. Figure 4 shows 
the disadvantages of global thresholding and binary thinning. Depending on the gray value threshold in 
regions where fibers are close together or touching, the area of touching is varying. In the subsequent 
step of binary thinning this area is transformed into a line of voxels. The available cluster analysis was 
not capable to extract and combine the fiber fragments properly. Since the complexity of the analysis 
and also artifacts increase with increasing fiber content a trust factor t was defined depending on fiber 
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content. The factor t was chosen by experience and was used to estimate an average probability to ex-
tract fibers correctly.  
 

MA PtP += %100**
fibresTotal
fibresCluster 

 

 
 

Fiber  content 
(wt.) Cluster fibers t Average probability  

PA (%)
1 % a 33 0.5 84
5 % 35 0.5 85

10 % 92 0.25 62
30 % 111 0.25 36 

Table 5: Estimation of Average Probability to extract fibers correctly 
 

4.2 Fiber Orientation 
Since every fiber is represented by its start and endpoint after extraction it is easy to calculate the 
orientation tensor for every fiber. In Table 6 the average values for a11 (x-direction), a22 (y-direction) 
and a33 (z-direction, injection direction) for the whole specimen with 1% fiber content is shown. 

Table 6: Number of extracted fibers, elements of the main diagonal of the orientation tensor and mean and maxi-
mum fiber length. 

 

 
Figure 5: 3D images of original CT data (left) and extracted fibers (right) for fiber content 1% 

 
Figure 5 shows a comparison of original CT data and the result of fiber extraction. The left image 
shows the manually fitted cylinders and the fibers whereas the image on the right shows the extracted 

Fiber  content 
(wt.) 

Number 
of fibers a 11 a 22 a 33 Mean fiber 

length [µm] 
Max fiber 

length [mm] 
1%  99 0.12 0.18 0.7 300 1.12 
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fibers using glyphs that connect every start and endpoint. Most of the extracted fibers have correspond-
ing fibers in the original data. For bent fibers a straight line is drawn since the algorithm was not de-
signed for bent fibers and the represented glyphs are straight lines. The color of the glyphs gives in-
formation about the orientation. One can see that many fibers are colored red, which means that there 
is a preferred orientation. In this case it is the z-direction which is the direction of injection. Also the 
quantitative analysis in Table 5 shows the same result as element a33 has the highest value. 
 

4.3 Comparison with standard method 
Figure 6 shows the fiber length distribution for the 5% fiber content sample. The first length class in 
the FLD was set to twice the fiber diameter (28 µm). Elements in this class are more or less fiber frag-
ments that don’t have the ideal cylindrical shape of a fiber any more.  
The minimum fiber length that was analyzed with the standard method was 50 µm. To be able to com-
pare the CT result with the standard method fibers shorter than 50 µm were not taken into account 
when calculating cumulative frequency and mean fiber length for the CT results respectively. In CT 
sample volume 738 fibers were evaluated while only 100 fibers were analyzed with the standard me-
thod. 
 

 
Figure 6: FLD for fiber content 5%: CT result (left) and standard method (right) 

 
The comparison shows that the mean fiber length determined by CT is with 469 µm smaller than 758 
µm with the standard method. The whole distribution is shifted towards shorter fibers for the CT result. 
Maximum detected fiber length is 1.65 mm for CT and 1.9 mm for the standard method. 

5  Conclusions 
Investigations were presented on the application of X-ray computed tomography to determine fiber 
length and fiber orientation distribution. Sub-µm-CT in principle is capable of generating data with 
quality that is sufficient to determine both, fiber orientation and length distribution. 
 
A software pipeline was developed to extract glass fibers from the polymer matrix. The software was 
applied on specimens with different fiber contents to discuss the accuracy of the pipeline. For lower 
fiber contents up to 5 % wt. the fiber extraction works well and the error is around 15 % in terms of 
number of correct represented fibers. The reason of errors was found only in the separation of touching 
fibers. Since there is usually a preferred fiber orientation in injection molded polymers, the touching 



 

58 

fiber segments will have a similar orientation. Therefore the result for fiber orientation for a whole 
specimen will not be affected much by the error in data analysis. The influence of this error on other 
characteristics of the fibers like length, volume or surface is much bigger. 
By increasing the fiber content the amount of fibers that are touching is increasing and respectively the 
error increases too. 
 
The differences in FLD for the CT result and the standard method can be explained by two aspects. On 
one hand the analyzed volume with CT was quite small so that many fibers were not represented com-
pletely within this volume. The error mentioned above contributes also to a shift towards smaller fiber 
length. On the other hand the statistics for the standard analysis is not very good since only 100 fibers 
were analyzed and the smaller fibers were neglected. 
One important conclusion from this comparison is that the volume that is analyzed has to be big 
enough to be sure that the effect of partly represented fibers does not have to be taken into account. 
 
The main advantages of the 3D X-ray tomographic method is, that both FOD and FLD can be deter-
mined using the same data set without destroying the specimen.  
 
Future work 
The focus of the current work lies on the minimization of error by replacing global thresholding for 
binarization and binary thinning by other, better suited algorithms. Especially for higher fiber content 
the error has to be reduced since fiber contents of 30 % wt. are commonly used in industry. 
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