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Abstract 
To evaluate fiber and paper properties several approved measurement devices are available and most 
of them are using integrating methods. Usually, some of the measurements especially in the case of 
fiber length and fiber diameter take place in an aqueous environment. Due to the ability of fibers to 
swell in water, this may give different results compared to the dry state of the final paper. Furthermore, 
some fiber properties are influencing paper properties that, until now, it is not possible to measure, 
especially not in a 3-dimensional space. These are e.g. fiber orientation, number of fiber-fiber 
intersections per fiber and volume and number of free fiber segments. 
 
Paper can be further investigated in a computer tomography using a tensile tester. So, it is possible to 
set different strain values of a paper and perform a CT-scan at each elongation step. This enables an in-
situ analysis during uniaxial paper elongation of the above mentioned parameters.  
From a researcher’s point of view, it is important to know the critical factors during paper elongation 
and how they are related to the paper strength. The stress-strain behaviour defines the runability during 
the paper manufacturing process itself but also runability in converting processes. 
 
Traditionally, reconstructing the acquired images and trying to analyze them afterwards, a fundamental 
problem comes up: After binarization, there is no differentiation between two fibers at their 
intersection. Thus, using standard analyzing software, two fibers crossing, are counted as one particle.   
For the presentation of the new analyzing modules in this paper, a metallic fiber network without main 
fiber orientation was produced to reduce the complexity related to a real paper sample. This ensures a 
better clarity of the steps shown here. The metal fiber network was scanned using a Brucker SkyScan 
1172 micro-CT. The dimension of the sample was 13 mm x 14 mm. The used sensor resolution was 
7.5 μm.  

With FEI-Visualization Sciences Group, new analytical algorithms had been developed for a 
successful fiber network analysis.  
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1  Introduction 
Since the invention of paper 105 A.D. by the Chinese magistrate Tsai Lun [1], its application today is 
not limited to publication and hygiene products. A lot of paper grades serve for technical tasks with a 
need of high reliability, for instance as filters, seals or for insulation purposes.  
One grade of such a product group is known as electrical insulation paper. Since 1836, paper and 
pressboard are used successfully as a reliable, economical and renewable electrical insulation     
material [2]. Paper is manufactured with highly automated machines. The raw materials are 

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
56

90



 

98 

unbleached softwood kraft pulp and water. Prior to the paper manufacturing, the pulp fibers are 
separated from the wood matrix during an alkaline dissolving process. The softwood fibers, mainly 
spruce and pine, have a fiber length between 0.2 mm - 6.0 mm and a thickness of  20 - 50 μm. The 
mass of 1g dry pulp contains between 3 to 4 millions of fibers. An individual fiber consists of different 
layers. The inner fiber part, the lumen, is hollow and collapses during paper drying.  
The paper machine is fed with a fiber/water suspension of approximately 1% solid content. At the wire 
section, the fibers are retained on the wire and the water passes the wire mesh. At the press section, the 
water content is further reduced. During drying, the residual water is evaporated using hot drying 
cylinders. The final paper is wound as a paper roll.  
The transformer manufacturer unwinds this paper and wraps it around the copper conductor. This 
process is fast and mechanically stresses the paper in machine direction. To be able to run the winding 
machine fast and efficiently, the paper needs a certain strength and elongation characteristic.  
 
Trying to improve elongation and strength properties using the same drying technology, previous 
investigations revealed that there are no established methods to analyse the most important parameters 
influencing the paper elongation.  
Furthermore, most measurement devices for fiber evaluation are working in an aqueous ambient and/or 
using integrating methods.  
 
Therefore, a new approach is presented here that enables the evaluation of fiber and paper properties in 
a real 3 dimensional paper volume. Due to the high complexity of even a small paper volume        
(figure 1), the principle steps using the latest Avizo Fire [3] modules were developed using a more 
simple metal fiber network. 
 

 
Figure 1: Paper sample after reconstruction with an edge length of 1 mm x 1 mm 

2  Data acquisition of the metal fiber network 
A Brucker SkyScan micro-CT 1172 [4] has been used for data acquisition. The size of the metal fiber 
network was about 13 mm x 14 mm. To form a metal fiber network, copper fibers of a length of 
several mm and of a thickness of 140 μm were used. The applied voltage was 40 kV and the detection 
was performed with a pixel size of 7.5 μm. The rotation step has been set to 0.43 °. This led to a 
scanning time of 55 min. The pictures have a colour depth of 16 bit. 
The reconstruction of the single radiography pictures was performed with SkyScan NRecon software. 
Before reconstruction, an x-y-alignment was done to compensate thermal shifts. 
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3  New analysis modules for fiber networks 
The reconstructed volume with the metallic fibers is shown in figure 2. Similar to pulp, the fibers are 
oriented in different directions, curled and have intersection points.  
 

 
Figure 2: Metal fiber network after reconstruction 
 
For further analysis, independently from which software is being used, it is necessary to define a 
reliable threshold value. Typically, this already leads to a fatal error that makes it impossible to analyze 
a fiber network in a next step. Due to binarization, two fibers become one at their intersection area 
because there is no clear separation possible and therefore, any analyzing software would calculate the 
wrong number of fibers. Figure 3 shows a binarized image of an intersection. Between fiber 1 and fiber 
2 there is no space that is normally required for clear separation.  
 

 
Figure 3: Fiber-Fiber-Intersection after binarization. State-of-the art software is unable to differentiate the two 
fibers 
 
If an erosion module is used to separate the fibers, the information of the intersection would get lost. 
The target is to end up with a material list which contains different properties of each individual fiber 
in a 3D fiber volume. 
Different modules are described here, that were developed to manage this and other challenges of 3 
dimensional fiber network analyzation.  
 
First, a segmentation process is required. Whether or not pre-processors like filters or morphological 
operations are necessary depends on the test volume content. In contrast to using a conventional 
threshold evaluation of the volume, of which the result heavily depends on the person that is doing this 
step, the “watershed” based segmentation algorithm [5] is applied. In principle, “seed points” of each 
material (fibers vs. air) are defined. A gradient image is computed in the so called landscape and gets 
flooded from these seeded data. Figure 4 shows the fiber network after binarization and figure 5 after 
skeletonization. Segments can be identified as the lines between two white dots. 
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Figure 4: Metal fiber network after binarization                   Figure 5: Network after skeletonization 
 
The volume segmentation is prerequisite to the skeletonization process. Avizo’s “auto skeleton” 
module uses a “distance map” to reduce the material to a line set [5].  
At the fiber intersections, the distance map is over-determined and this leads to so called “stickmen 
crossings” as depicted in figure 6 using a “colour segment” module.  

 

Figure 6: Intersection after skeletonization -                         Figure 7: Intersection after the application of the 
stickman crossing in the center                                              stickman software module    
 
Because the stickman segment between the two intersecting fibers would act as an individual segment, 
the detected number of fibers will always be too high. In addition, it would be impossible to connect 
the segments of the two intersecting fibers because the middle segment that was created due to 
skeletonization is either related to one pair of segments or the other. Therefore, a so called “stickmen 
crossing” module was developed that compels the created segments back into the original intersection 
as shown in figure 7. The next step is to connect the correct opposing segments of the two crossing 
fibers. This can be done by using a module called “fiber composer”. With the definition of the Region 
of Consideration (ROC) and a maximum tolerated bending, this module connects the two segments of 
each fiber that are in a defined angle range to each other.  
In order to find the best matching segments at a crossing, their geometric orientation in the space is 
determined, which is expressed by the angle θ the in-plane orientation and φ, the out-of the plane 
orientation [6]. The ROC defines the maximum distance from the point of crossing of a segment that 
contributes to the orientation estimation. The maximum bending parameter defines the maximum angle 
that two segments may have to be considered as connected. The result is visible in figure 8 and finally 
also in figure 9. 
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Figure 8: Fiber-fiber-intersection after fiber composer     Figure 9: Overview of the whole network,   
                                                                                  After complete data processing 
 
Finally it is possible to remove artefacts like dead ends or short isolated fiber segments. Once, these 
steps are done, it is possible to analyse the fiber network volume to determine the following 
parameters:  

- Number of fibers in the volume 
- Contour length of each fiber 
- Number of fiber-fiber-intersections 
- Fiber orientation in space in θ (in-plane) and φ (out of the plane) 
- Number of fiber segments 

4  Results 
Using the “fiber statistics” module, Avizo Fire evaluated the parameters described above. The result is 
visualized in Table 1 and can be used in a spreadsheet program, too.  
 
The number of fibers determines the number of load bearing elements during stress-strain 
measurements in a paper. So, it is important to know the number of fibers in the paper with precision. 
In general, the higher the amount of long fibers the higher the strength of the paper is. However, this 
does not apply to paper stretch. The value of fiber orientation gives an indication about intersection 
area. Two fibers crossing perpendicularly show a smaller intersection area compared to fibers that 
crosses at a 20° angle. During a restrained drying, the elastic modulus increases with increasing 
amount of free, unbounded fiber segments. Therefore, the number of free unbounded fiber segments is 
also important to know because it correlates with rheological paper properties.  
 
 

Fiber ID Contour length 
 in μm 

Crossings Θ  
in ° 

Φ  
in ° 

Segments 

1 8090 1 85 178 2 
2 6150 0 92 158 1 
3 10230 0 96 165 1 
4 6010 1 266 165 2 
5 10600 1 96 131 2 
6 6910 1 92 137 2 
7 11400 3 269 154 4 
8 3440 1 94 151 2 
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9 2770 0 99 136 1 
10 2890 2 95 124 3 
11 3530 2 270 140 3 
12 2500 0 266 161 1 
13 4180 1 219 176 2 
14 2010 0 97 140 1 

Table 1: Result of the “fiber statistics” module of the metal fiber network 

5  Conclusion 

The result obtained with the described method is one of the first analyzing tools that make it possible 
to analyze fiber networks in a more detailed way. Several problems related to the fiber-fiber 
intersection and the segmentation issues were solved.  
A further step will be to analyze more complex fiber networks of paper at different elongation 
situations using a material testing stage. This will give more information about the described 
parameters to optimize the properties of paper according to their use. In the future, this will help to 
understand the impact of different factors on the rheological behaviour of fibrous networks.  
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