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Abstract. This study presents a holistic segmentation procedure, which can be used to 

obtain individual fibre inclination angles from X-ray computed tomography. The 

segmentation approach is based on principal component analysis and was successfully 

applied for a unidirectional and an air textured glass fibre reinforced composite profile. 

The inclination results show a weighted mean fibre inclination of 2.1° and 8.0° for the 

unidirectional and air textured profile, respectively. For the air textured composite, fibre 

inclinations of up to 55° were successfully segmented. The results were verified by 

comparative analysis with equivalent results obtained from structure tensor analysis – 

showing no notable deviation. The comparable characteristics in combination with the 

distinct differences of the two material systems make this case study ideal for verification 

and validation of idealized models. It is shown how this approach can provide fast, 

accurate and repeatable inclination estimates with a high degree of automation. 
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1.  Introduction 

The demand for lightweight materials in the form of fibre reinforced polymer (FRP) composites has 

consistently increased and the growth is expected to continue [1]. FRP composite materials are heavily used 

for structural applications where high specific mechanical properties are required, e.g., high stiffness to 

weight ratio. In that regard, the FRPs can easily compete with most metal alloys and are therefore heavily 

used in offshore-, construction-, and wind turbine industries [2-3]. This is one of the reasons why the growth 

rate of composites usage has exceeded that of steel and aluminium in the last decades [4].  

The macroscopic properties of FRPs are inherently related to their microstructure, which is mainly 

described by the fibre volume fraction and the fibre architecture. This enables tailoring of mechanical 

properties for a given application. Hence, numerous studies investigate the relation between composite 

microstructure and macroscopic properties, e.g., stiffness, compressive strength and fatigue properties. 

In the study by Paluch [5], the effect of fibre undulation in unidirectional (UD) composite was 

investigated by destructive characterization, i.e., regularly cut sections examined by optical microscopy. It 

was concluded that considering a composite material as a series of mutually parallel fibres undulating in 

phase is a poor assumption. Non-destructive confocal laser scanning microscopy was used in [6] to 

investigate fibre undulation. However, this method is limited to sufficient transparent samples, i.e., 

composites where the matrix fluoresces strongly and with fibre volume fraction below 30 percent.  

X-ray Computed Tomography (XCT) is widely used to characterize material properties of fibre 

reinforced polymers, as well as for materials like concrete and metals [7-9]. XCT has the advantage of non-

destructive testing and a high resolution, i.e., micron level voxel size [10-11]. However, the resolution 

obtained by XCT cannot compete with that obtained by scanning electron microscopy (SEM), reaching 

sub-micron resolutions [12]. XCT was used to investigate the effect of varying off-axis angles in non-crimp 

fabrics [13-14]. 

In a recent study [15], the effect of fibre misalignment on the longitudinal compressive and tensile 

failure was investigated by micromechanical modelling, introducing the fibre misalignment using a 

stochastic process. Similar mechanical modelling was conducted on characterized microstructures by 



 
 
 
 
 
 

3 
 

Auenhammer et al. [16]. The main objective of this study was to develop a highly automated process to 

transfer XCT data into robust finite element models. The model was evaluated by its ability to predict 

Young’s moduli of UD fibre composites loaded in tension and it was concluded that the methodology did 

not suffice to predict the correct trend. It was concluded that the reason for the deviations most likely was 

attributed to the single bundle fibre tracking segmentation process and in particular the mean fibre 

orientation, fibre volume fraction, and bundle to volume ratio. The influence of the segmentation method 

was investigated in [17] and the waviness induced by backing bundles was captured by generating a 

boundary between the backing and UD bundles. The approach in [16-17] focusses on the bundle level rather 

than the fibre level, hence, the influence of the single fibre scale was not investigated. It is argued that the 

advantage of the methodology is automation, but it is also mentioned that the user needs experience in 

Avizo to set up the right parameters depending on the composite architecture and the fibre to matrix 

attenuation contrast. 

The structure tensor (ST) segmentation method was used by Advani and Tucker to predict fibre 

orientations in short fibre composites [18]. The ST method was recently used to characterize a non-crimp 

glass fibre fabric and the Jupyter notebooks and Python code behind the segmentation process were publicly 

shared [19]. Another open-source Python package is available, i.e., ‘Quanfima’ which successfully applies 

the ST approach to 3D biomaterial datasets [20]. This ST segmentation approach uses thresholding to 

separate fibre and matrix material, which necessitates a proper attenuation contrast as well as spatially 

separable fibres. 

Emerson et al. [21] developed an interactive fibre tracking algorithm, which was used to characterize a 

UD composite. The algorithm was developed in MATLAB, publicly shared, and statistical validated in 

[10]. Its applicability for a textured fibre composite was investigated in [22]. It was found that the algorithm 

made some erroneous fibre detections for high angle fibres, but it was in general applicable for textured 

fibre composites. 

In a study by Amrehn et al. [23], it was concluded that interactive segmentation methods are beneficial 

for complex structures as opposed to fully automated segmentation methods that inherently lack domain 

knowledge. 
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1.1.  Objective 

FRP composites are often designed with large safety margins because of incomplete knowledge about 

the connection between the microstructure and the macroscopic properties. 

The main objective of this study is to use XCT to quantify the fibre undulation of two mutually distinct 

composite systems. The first one is a pultruded UD glass fibre profile and the second one is a pultruded air 

textured glass fibre profile. The air textured fibre reinforced composite is expected to have a complex 

structure, which calls for an interactive segmentation method. The segmentation will build upon the 

individual fibre tracking algorithm developed in [21]. The inclination of the fibres will be analysed using a 

novel segmentation method developed by the authors of the present work. The new segmentation approach 

will include a semi-automatic segmentation module based on principal component analysis (PCA). The 

quantified inclination results will be verified by comparison with corresponding results obtained by the ST 

method, as described in [19]. Finally, the prospects of novel insight into the connection between 

microstructure and macroscopic properties will be discussed. 

 

2.  Materials 

This study is carried out on two mutually distinct FRP composite systems, namely a UD glass fibre 

reinforced thermoset composite (UD-fib) and an air textured glass fibre reinforced thermoset composite 

(air-tex). The two composites are both manufactured by the resin injection pultrusion process using solely 

fibre bundle rovings. Hence, the fibre architecture is inherently continuous through the profile and any 

observable fibre inclinations are thus not a result of misaligned layup, which sometimes is the case in pre-

preg and non-crimp fabric composites [24]. 

The UD-fib and the air-tex composites are manufactured as a rod with a diameter of ~13mm and a large 

beam with a square cross-section of ~100×100mm2, respectively. But, for the purpose of the current study, 

both pultruded samples were machined to obtain a rod with a diameter of ~5mm, see Figure 1. The 

continuous UD- and air textured glass fibre rovings used for the two composites are of the same glass fibre 

type with an estimated average diameter of ~23.4µm, i.e., the air textured rovings are a textured version of 

the UD rovings. This makes the two composite systems suitable for comparative analysis.  The two 

composite rods together with a schematic illustration of their respective fibre reinforcement are depicted in 

Figure 1. 
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FIGURE 1 

It should be noticed how Figure 1 is set up with a) UD-fib and b) air-tex. This figure setup is continued 

throughout the paper to ease comparative analysis and is additionally directly comparable with the 

corresponding a) and b) figures in the data article published by the authors [12]. 

 

3.  X-ray Computed Tomography 

To recap, the scope of the current study is to characterize the fibre orientation of the two mutually distinct 

FRP composite systems, i.e., the UD-fib and air-tex material described in the previous section. This is done 

using XCT followed by an advanced novel segmentation approach. In the following section the 

experimental XCT method is described. 

3.1.  Experimental Method (XCT) 

The XCT experiments were carried out on a Zeiss Xradia Versa 520 scanner with a voltage of 40kV. The 

scan was performed with 4× optical magnification obtaining 4501 projections at binning 2. A tomographic 

volume of 988×1013×999 voxels with a voxel size of 1.99µm was obtained. The tomographic data is 

published in the data article [12], including a detailed description of the X-ray tomography settings. The 

same procedure was used for the two composite systems and the resulting 3D tomograms are depicted 

together with an example of a tomographic cross-sectional slice in Figure 2. 

FIGURE 2 

The tomographic reconstruction shown in Figure 2 has a high resolution, i.e., a voxel size of 1.99µm. It 

also has a high attenuation contrast, which eases the separation of the constituent fibre and matrix materials 

by the naked eye. However, obtaining a segmented mathematical description of the individual fibres is not 

a trivial task, as the fibres are often bundled closely together, making separation difficult, even with high 

attenuation contrast data. A novel segmentation process is described in the following section. 

 

4.  Individual Fibre Segmentation 

In the current study the segmentation process is divided into three steps: i) a slice-by-slice fibre centre 

detection, ii) a fibre tracking procedure relating centres of the individual image slices to each other to form 

continuous fibres, and iii) a fibre inclination segmentation step, i.e. assigning an inclination angle to each 
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individual fibre trajectory. The first two segmentation steps were conducted using the MATLAB algorithm 

developed by Emerson et al. in [21]. The third and final segmentation step was performed using a novel 

approach developed in this study. The three segmentation steps are the subject of the following 3 sections. 

The segmentation process was continuously evaluated for both material systems to ensure a generic 

segmentation process applicable for both material systems. This section is concluded with a summary 

including a table with an overview of the user input and running time for each of the three segmentation 

process steps (see Table 2). 

4.1.  Fibre centre detection 

The first step of the segmentation process, i.e., the slice-by-slice fibre centre detection, was conducted using 

the algorithm developed my Emerson et al [21]. This segmentation algorithm uses a training step to set up 

a dictionary of corresponding image and label patches. The dictionary was set up using the following steps: 

i) Per default, the middle slice of the tomographic stack of slices was chosen for the training 

step, i.e., slice no. 500 out of the 999 slices  

ii) The region of interest (RoI) was chosen to include the entire tomographic volume. 

iii) An image region for the training step was chosen somewhat smaller than the RoI but still 

covering a major part of a tomographic slice. 

iv) An optimal patch size of 11 pixels, corresponding to approximately 1 fibre diameter, was 

chosen based on the voxel size of 1.99µm. 

v) Finally, the graphical user interface was used to setup the dictionary. 

The accuracy of the fibre centre detection algorithm was evaluated qualitatively by manual inspection 

of individual tomographic slices and the corresponding fibre centres detected. Figure 3 illustrates an 

example of a tomographic slice and the corresponding detected fibre centres. It should be noticed how the 

dictionary successfully detects the fibre centres with very few exceptions. The erroneous double detections 

and missing fibre detections make up less than 0.1% of total number of fibres and are therefore considered 

insignificant for the overall evaluation of the microstructure and hence the scope of this study (see Figure 

3). 

FIGURE 3 

The dictionary-based fibre centre detection algorithm was applied for the stack of 999 images resulting 

in a processing time of approximately one hour for each of the two tomographic volumes. The total 3D 



 
 
 
 
 
 

7 
 

volume of detected fibre centres are depicted by four evenly spaced stacks of five image slices, see Figure 

4. 

FIGURE 4 

The fibre centres shown in Figure 4 clearly illustrates a pattern of continuous fibres for both material 

systems. By comparison of Figure 2 and 4 it should be noticed how the detected fibre centres indicate the 

expected difference between the two material systems. 

At the top and bottom of the tomographic stack of image slices significantly increased noise was 

observed. The noise arises from the well-known cone beam effect and results in missing fibre detections. 

However, missing fibre detections in one image has no influence on the fibre detections in the other images. 

It does however influence the second step of the segmentation process, i.e., the individual fibre tracking. 

This problem is accounted for by excluding the top and bottom 50 image slices. This will be discussed in 

the following section about the fibre tracking segmentation step. 

4.2.  Fibre tracking 

When the fibre centre detection has been conducted for the full stack of tomographic image slices (cf. 

Figures 3 and 4), the next step is to track the 2D slices of fibre centres through the depth of the volume, i.e., 

along the x-axis. Hence, connecting fibre centres belonging to the same fibre and thereby obtaining the 

individual fibre trajectories. This segmentation step is also performed using the algorithm by Emerson et 

al. [21]. The only user input for the fibre tracking algorithm is how many pixels a fibre centre is allowed to 

move from one slice to the next, i.e., a 2D planar distance. Thus, this is naturally a function of the voxel 

size and the fibre diameter. From simple geometrical considerations an allowable fibre centre movement 

from one slice to the next of 6 pixels will allow for a maximum inclination angle of approximately 80°. 

Hence, an allowable movement of 6 pixels was chosen as a conservative input (cf. Figure 2). 

The fibre tracking algorithm is set up so the number of fibre centres detected in the very first image 

slice dictates how many fibres in total the tracking algorithm will allow. Thus, the less accurate fibre centre 

detection at the very top or bottom image slices, results in too few fibre trajectories. Therefore, it was chosen 

to ignore the top and bottom 50 image slices. This solved the above-mentioned problem at the expense of 

a decreased tomographic volume. 
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The individual fibre tracking algorithm was applied for both material systems, each with a processing 

time of less than five minutes. The 3D volume of all fibre trajectories obtained from the fibre tracking 

algorithm are shown in Figure 5. 

FIGURE 5 

A 3D volume representing 10 percent of the fibre trajectories is depicted in Figure 6. 

FIGURE 6 

Figures 5 and 6 show the expected differences of the fibre trajectories between the less and more 

misaligned material cases (cf. Figure 2).  

However, taking a closer look at Figure 6(b) one can notice a few fibre trajectories with piecewise 

unlikely geometries, i.e., UD fibre kink segments along the edge of the tomographic volume. This is most 

likely due to the fact that the fibre tracking algorithm does not allow termination or initiation of fibre 

trajectories running in or out of the tomographic volume. Hence, two individual fibres might get connected 

by a UD fibre segment to form a single fibre connected by this “fictive” UD fibre kink. Quantification of 

this type of error would involve visual inspection. This was manually done by the authors and the frequency 

of this error was judged to have no significant influence on the scope of this study, i.e., characterizing the 

fibre undulation. Hence, using the fibre trajectories obtained it is now possible to evaluate and quantify the 

inclination of the individual fibres. 

4.3.  Fibre inclination estimation using PCA 

The third and final step of the segmentation process is inclination estimation of the individual fibre 

trajectories. The segmentation algorithm, used for fibre detection and fibre tracking, does have a third 

module for orientation estimation which was successfully used for UD fibre composites [10,20]. However, 

the module assumes a straight fibre trajectory between the fibre centres at the top and bottom image slice 

and does not take any undulation into account. From Figure 6 it is evident that the air textured fibres in the 

air-tex sample exhibit significant undulation, which should be resolved. To do so, a novel inclination 

segmentation algorithm was developed. The idea behind the current approach is to evaluate the inclination 

of each individual fibre as a weighted mean of fibre sub-segments, e.g., each individual fibre is divided into 

a number of sub-segments by dividing the total stack of image slices into smaller stacks. For instance, the 

stack of 900 image slices is divided into two stacks of 450 image slices, hence, each fibre is represented by 

two fibre sub-segments (see Figure 7). 
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FIGURE 7 

The straight lines representing the fibre sub-segments (cf. Figure 7) are obtained from linear regression 

analysis using Principal Component Analysis (PCA) [25]. 

PCA is a statistical interpretation of the singular value decomposition (SVD) of a data matrix 𝑨𝑨. Once 

the matrix 𝑨𝑨 is set up, the SVD is done in MATLAB. The results of the SVD are the matrices 𝑼𝑼, 𝚺𝚺 and 𝑽𝑽𝑻𝑻. 

The covariance matrix 𝑼𝑼 contains the left singular vectors, 𝚺𝚺 is a diagonal matrix with the singular values 

ordered by importance and 𝑽𝑽𝑻𝑻 is a transposed matrix containing the right singular vectors. Hence, the SVD 

yields 

 𝑨𝑨 = 𝑼𝑼𝚺𝚺𝑽𝑽𝑻𝑻 (1) 

The steps of the regression analysis are: i) Setup a matrix 𝑿𝑿 with all fibre centre coordinates from the 

fibre segment of interest. ii) Compute the mean fibre centre coordinate 𝑿𝑿� , i.e., the centre point of the 

regression line of interest. iii) Compute the matrix 𝑨𝑨 = 𝑿𝑿 − 𝑿𝑿� . iv) Compute the covariance matrix 𝑼𝑼 by 

singular value decomposition of 𝑨𝑨. The first left singular vector 𝒖𝒖𝟏𝟏 of the covariance matrix 𝑼𝑼, 

corresponding to the highest singular value 𝜎𝜎1, is the first principal component and gives the direction of 

the best fit line. Hence, the regression line, representing the fibre sub-segment of interest, goes through the 

mean centre point 𝑿𝑿�  and has the direction 𝒖𝒖𝟏𝟏. v) Compute the coordinates of the best fit line using the 

parametric vector equation of a line in three dimensions given by 

 𝑿𝑿𝒇𝒇𝒇𝒇𝒇𝒇 = 𝑿𝑿� + 𝑡𝑡 ⋅ 𝒖𝒖𝟏𝟏 (2) 

where, 𝑿𝑿𝒇𝒇𝒇𝒇𝒇𝒇 is the resulting coordinates of the best fit line and 𝑡𝑡 is a scaling factor. 

Finally, the increments Δ𝑥𝑥, Δy and Δz are readily obtained from the endpoint coordinates of 𝑿𝑿𝒇𝒇𝒇𝒇𝒇𝒇. The 

inclination of the linear fibre sub-segments is then computed using simple trigonometry. The inclination 

angle, i.e., the angle with respect to the x-axis, is calculated as 

 𝜃𝜃𝑥𝑥 = arctan ��Δ𝑦𝑦
2+Δ𝑧𝑧2

Δ𝑥𝑥
� (3) 

The individual fibre inclination is weighted by their corresponding fibre length. Thus, the fibre length 

of each fibre sub-segment is also calculated. The length of each fibre segment is given as 

 𝐿𝐿𝑓𝑓 = �Δ𝑥𝑥2 + Δ𝑦𝑦2 + Δ𝑧𝑧2 (4) 
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The alignment of the samples prior to the X-ray scan can be evaluated by projected inclinations and 

these are therefore also computed. The projected inclination angles and corresponding projected ‘fibre 

lengths’ are calculated using the simplified 2D version of equations (3) and (4). The equations for the xy-

projections are 

 𝜃𝜃𝑥𝑥𝑦𝑦 = arctan�Δ𝑦𝑦
Δx
� (5) 

 𝐿𝐿𝑓𝑓
𝑥𝑥𝑦𝑦 = �Δ𝑥𝑥2 + Δ𝑦𝑦2 (6) 

and the equivalent equations for the xz-projection are (5) and (6) with z substituted for y. 

 

4.3.1.  Segmentation discretization. An example of a fibre trajectory and the corresponding representation 

by five linear sub-segments are illustrated in Figure 8.  

FIGURE 8 

Figure 8 shows that the linear segments, obtained from the regression analysis, represents the undulation 

of the individual fibre well, i.e., each straight sub-segment follows the local fibre trajectories, while 

imposing a piecewise smoothing effect to the trajectory. This is beneficial because it minimizes the effect 

of the noise, which arises from the uncertainty of the fibre centre detections. Hence, there is a trade-off 

between resolving the fibre undulation and maintaining the smoothening effect, i.e., the uncertainty related 

to the fluctuating fibre centre detections should not be resolved (cf. Figure 8(a)). Therefore, a proper 

discretization of the fibre trajectories must be chosen to obtain good results. The fibre trajectories are now 

discretized into fibre sub-segments with a fixed height Δ𝑥𝑥 corresponding to an integer number of image 

slices. For instance, each of the five fibre sub-segments in Figure 8 contains fibre centres of (up to) 180 

image slices corresponding to a fibre sub-segment height of approximately Δ𝑥𝑥 = 358µm.  

For the sake of generalization, the segmentation mesh will be described using the normalized mesh size 

Δx 𝐷𝐷𝑓𝑓⁄ , using an average fibre diameter of 𝐷𝐷𝑓𝑓 = 23.4µm, confer section 2. Which, in the case with five 

fibre sub-segments illustrated in Figure 8 corresponds to a normalized segmentation mesh size of Δx 𝐷𝐷𝑓𝑓⁄ ≈

15. The method was tested by varying the normalized mesh size from 77 (i.e., including all 900 tomographic 

image slices to represent the fibre trajectory as a single straight fibre segment, cf. Figure 7) to 1 (i.e., 

representing the fibre trajectories by 81 straight fibre sub-segments each obtained by 12 tomographic image 
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slices). Figure 9 illustrates a fibre trajectory and the corresponding representation by straight fibre sub-

segments obtained using the fine segmentation mesh where Δx 𝐷𝐷𝑓𝑓⁄ ≈ 1. 

FIGURE 9    FIGURE 10 

Figure 9 shows that a fine segmentation mesh captures some of the noise related to the uncertainty of the 

fibre centre detections. This indicates that a mesh size of  Δx 𝐷𝐷𝑓𝑓⁄ ≈ 1 does not provide sufficient smoothing. 

The goal is to obtain a good resolution of the fibre undulation while maintaining the smoothing effect from 

the regression analysis. A dimensionless segmentation mesh size of Δx 𝐷𝐷𝑓𝑓⁄ ≈ 10, which corresponds to 

including 113 image slices for each fibre sub-segment, provides a good trade-off for the current data. The 

choice of Δx 𝐷𝐷𝑓𝑓⁄ ≈ 10 is based on the known voxel size of 1.99µm, an expected fibre diameter of ~23.4µm 

as well as considerations regarding the physical limitation of the frequency of the fibre undulation. Figure 

10 shows a well-defined fibre trajectory from the air-tex sample using the dimensionless segmentation mesh 

size of Δx 𝐷𝐷𝑓𝑓⁄ ≈ 10. An overview of the differences between different dimensionless segmentation mesh 

sizes is summarized in table 1. 

TABLE 1 

Each linear fibre sub-segment was only accepted for PCA if it contains at least 95% of the possible fibre 

centres. This conservative criterion was chosen to minimize any artificial inclination effects from erroneous 

fibre detection and fibre tracking. 

The PCA based individual fibre inclination segmentation algorithm was applied for both materials 

systems using a normalized segmentation mesh size of Δx 𝐷𝐷𝑓𝑓⁄ ≈ 10, resulting in a processing time for each 

of the material systems of less than 15 seconds. 

4.4.  Individual fibre segmentation summary 

A schematic overview of the three-step segmentation method used in the present study is summarized in 

Table 2.  

TABLE 2 

The three segmentation steps consist of: i) Fibre centre detection, ii) Fibre tracking and iii) Inclination 

estimation. The first two steps are performed using the fibre tracking algorithm [21], while a novel 

segmentation algorithm, using PCA, was developed for inclination estimation in this study. The user inputs 

for the three step segmentation modules are summarized in Table 2, together with the running time for each 

of the three segmentation steps (using a standard laptop equipped with an Intel® Core™ i5-6300U CPU, 
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Intel® HD Graphics 520 and 8GB of RAM). The total processing time of the complete segmentation 

procedure is only a little more than one hour. 

 

5.  Results 

The PCA algorithm was used to obtain the fibre inclination distribution for both material systems. The 

results are presented in section 5.2, but first the choice of segmentation mesh is evaluated in the following 

section. 

5.1.  Segmentation mesh 

The choice of Δx 𝐷𝐷𝑓𝑓⁄ = 10 as an ‘optimal’ dimensionless segmentation mesh size (cf. section 4) was 

determined by varying the dimensionless segmentation mesh size from 77 (representing each fibre using a 

single straight line) to a value of 1 (representing each fibre by 81 sub-segment straight lines). The influence 

of the variation in segmentation mesh on the overall inclination estimation was evaluated by comparing the 

weighted mean inclination for the total volume, calculated as 

 �̅�𝜃𝑥𝑥 = ∑ �𝜃𝜃𝑖𝑖 ∙
𝐿𝐿𝑓𝑓 ,𝑖𝑖
𝐿𝐿𝑓𝑓
𝑡𝑡𝑡𝑡𝑡𝑡�

𝑁𝑁𝑠𝑠
𝑖𝑖=1  (7) 

where the summation index 𝑖𝑖 is used to sum over the total number of fibre sub-segments 𝑁𝑁𝑠𝑠 and 𝐿𝐿𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡 is the 

total fibre length of the segmented 3D volume, given by the sum of all the fibre sub-segments 

 𝐿𝐿𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡 = ∑ 𝐿𝐿𝑓𝑓,𝑖𝑖
𝑁𝑁𝑠𝑠
𝑖𝑖=1  (8) 

The weighted mean inclination as a function of the dimensionless segmentation mesh size is depicted 

in Figure 11. 

FIGURE 11 

Figure 11 shows how the refinement of the segmentation mesh from Δx 𝐷𝐷𝑓𝑓⁄ = 77 to Δx 𝐷𝐷𝑓𝑓⁄ = 10 results 

in an increase in the mean fibre inclination of approximately 15% and 20% for the UD-fib and air-tex 

material systems, respectively. Hence, the segmentation mesh has a significant influence on the inclination 

estimation for both material systems, i.e., the fibre undulation is resolved. It should further be noticed how 

changes in Δx 𝐷𝐷𝑓𝑓⁄  around 10 has no significant influence on the mean inclination, i.e., < 0.05 (cf. Figure 

11). 
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The mean inclination increases significantly at very fine mesh sizes, in particular when Δx 𝐷𝐷𝑓𝑓⁄ = 1. 

This increase highlights the importance of reducing the impact of the noise, by using more slices for each 

segment (cf. Figure 9). This is particularly evident for the UD-fib sample, where the deviations in the centre 

detections cause a significant relative increase in the mean fibre inclination when Δx 𝐷𝐷𝑓𝑓⁄  is low. This is 

expected because the noise becomes significant due to the low inclination angles inherently expected from 

a UD fibre reinforced composite. 

Hence, a value of Δx 𝐷𝐷𝑓𝑓⁄ = 10 was found to provide a good trade-off between resolving fibre undulation 

and maintaining the smoothing effect of the analysis and is therefore used in the analysis henceforth. 

5.2.  Inclination distribution 

The weighted inclination distribution obtained using a segmentation mesh size of Δx 𝐷𝐷𝑓𝑓⁄ = 10 is illustrated 

in Figure 12. 

FIGURE 12 

The inclination distributions depicted in Figure 12 consist of the actual inclination distribution (top) and 

the projected inclination distributions Figure 12 (middle and bottom). The inclination distributions in Figure 

12 (top) are right-angled distributions, which inherently arises from the nature of the fibre reinforcement, 

i.e., continuous fibre bundles. The main characteristics of the inclination distributions illustrated in Figure 

12 are summarized in Table 3, i.e., the weighted mean and the quartiles of the inclination distribution as 

well as the weighted mean of the projected inclination distributions. 

TABLE 3 

The results illustrated and summarized in Figure 12 and Table 3 show expected magnitudes of 

inclination angles compared with the corresponding 3D tomograms depicted in Figure 2. From Table 3 it 

should be noticed how �̅�𝜃𝑥𝑥 > �̅�𝜃𝑥𝑥𝑦𝑦 and �̅�𝜃𝑥𝑥 > �̅�𝜃𝑥𝑥𝑧𝑧, which indicate little tilting of the samples in the XCT setup. 

Hence, the inclination estimation is qualitatively acceptable. The fibre trajectories are plotted with colours 

corresponding to their individual mean fibre inclination using the quartiles as interval boundaries (see 

Figure 13). 

FIGURE 13 

The fibre trajectories coloured according to their inclination angle (see Figure 13) show that the PCA-

based segmentation algorithm estimates the inclination of the individual fibres well. A cross-sectional view 

of the coloured fibre trajectories is illustrated in Figure 14. 
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FIGURE 14 

The cross-sectional view in Figure 14 shows how fibres with similar inclination angles tend to group in 

bundle like structures. A study of these trends could be of interest for future studies. 

The estimated inclinations can be used to evaluate mechanical properties, e.g., estimation of longitudinal 

stiffness using the fibre efficiency formula proposed by Krenchel [26]. The microstructural effect on 

mechanical properties is the subject of ongoing studies by the authors. The preliminary results indicate that 

the inclination estimations obtained in this study can be used to explain some of the deviation in longitudinal 

stiffness observed comparing tensile test results with classical rule of mixture estimates. Hence, this would 

be of great interest in future studies. 

For verification, the results of the PCA segmentation method were compared to equivalent fibre 

inclination estimates obtained using the structure tensor method – this is the subject of section 6. 

 

6.  Verification 

Microstructure investigations using XCT and subsequent numerical segmentation will inherently contain 

errors since the segmented tomogram is a discretized mathematical representation of the microstructure 

features. Hence, verification is necessary to evaluate the error of this mathematical segmentation method. 

The developed mathematical method using PCA is verified by comparison with equivalent results obtained 

for the same XCT scan using the structure tensor (ST) method. 

6.1.  The structure tensor method 

The ST method, when applied on volumetric data, can be used to extract local structural information 

from the data, such as local orientations of fibre-like structures. The structure tensor itself is a 3-by-3 matrix, 

summarizing local gradient information around a point in space. One way to calculate the structure tensor 

is using a Gaussian derivative for computing the gradient and a Gaussian window for integration [19]. The 

size of the Gaussian derivative kernel is determined by the parameter 𝜎𝜎, while the size of the Gaussian 

integration kernel is determined by the parameter 𝜌𝜌. The parameters 𝜎𝜎 and 𝜌𝜌 are also known as the noise 

scale and integration scale, respectively. Formally, the structure tensor 𝐒𝐒 can be formulated as 

 𝐒𝐒 = 𝐾𝐾𝜌𝜌 ⋅ (∇𝑉𝑉𝜎𝜎(∇𝑉𝑉𝜎𝜎)𝑇𝑇) (9) 
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where ∇𝑉𝑉𝜎𝜎 is the gradient computed using the Gaussian derivative kernel that depends on 𝜎𝜎 and 𝐾𝐾𝜌𝜌 is the 

Gaussian integration kernel, which depends on 𝜌𝜌. 

Once 𝐒𝐒 for a point has been computed, the predominant orientation can be determined through 

eigendecomposition of  𝐒𝐒. The result is three positive eigenvalues 𝜆𝜆1 ≤  𝜆𝜆2 ≤  𝜆𝜆3 and their corresponding 

mutually orthogonal eigenvectors 𝐯𝐯1, 𝐯𝐯2, and 𝐯𝐯3. The direction of least variation is the one of 𝐯𝐯1 

corresponding to the smallest eigenvalue 𝜆𝜆1. 

The structure-tensor Python package [19] is used to compute 𝐒𝐒 for each voxel in the 

tomographic volume. The parameters used are 𝜎𝜎 = 1.045 and 𝜌𝜌 = 4.18, which were chosen based on the 

voxel resolution and fibre diameter. After this, the dominant orientation, 𝐯𝐯1, is calculated using the same 

Python package. The structure tensor 𝐒𝐒 is computed for each voxel position. However, the goal is to estimate 

the fibre orientation distribution, not the volume voxel orientation distribution. To exclude non-fibre 

material, such as matrix and air, an intensity threshold is used to filter out non-fibre voxels. The threshold 

value is determined using Otsu’s threshold, which gives a threshold value of 30.463 for UD-fib and 32.700 

for air-tex. Only voxels with values larger than the threshold value are considered to be fibre voxels. 

Having filtered out values of 𝐒𝐒 corresponding to non-fibre voxel positions, the dominant orientation 𝐯𝐯1 

is computed for all remaining (fibre) voxels. This orientation can be interpreted as the orientation of a small 

piece of a fibre with the size of a single voxel. The orientations of all the fibre voxels are the fibre orientation 

distribution. At this point, 𝜃𝜃𝑥𝑥, 𝜃𝜃𝑥𝑥𝑧𝑧 and 𝜃𝜃𝑥𝑥𝑦𝑦 values for each fibre voxel can be calculated. 𝜃𝜃𝑥𝑥 is calculated as 

the absolute angle between 𝐯𝐯1 and the x-axis. 𝜃𝜃𝑥𝑥𝑧𝑧 is calculated by projecting 𝐯𝐯1 onto the xz-plane and taking 

the angle between the projection and the x-axis. 𝜃𝜃𝑥𝑥𝑦𝑦 is calculated by projecting 𝐯𝐯1 onto the xy-plane and 

taking the angle between the projection and the x-axis. 

The ST method described above has a processing time of less than 10 minutes for each of the 

tomographic volumes analysed in this study. 

6.2.  Comparative verification 

The results using the PCA approach (cf. Figure 14) are compared with the equivalent inclination 

distribution estimations obtained using the ST method (see Figure 15). 

FIGURE 15 
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The inclination distributions obtained using the ST method show a great resemblance with the results 

of the PCA method developed in this study (see Figure 15). No significant deviations are observed between 

the two methods and since the methods are inherently different the resemblance of the results indicate a 

corroboration of both methods. A similar comparison was conducted using the statistical tool, Kolmogorov-

Smirnov in [27]. However, due to the large difference in the number of data points of the PCA and ST this 

would require resampling as described in [28]. Hence, this was considered beyond the scope of this study. 

However, the data are publicly available [12] in order for this to be conducted in future studies. 

In the current case with both high attenuation contrast and high resolution, the fibre tracking approach 

is considered superior to the thresholding approach because the tracking approach gives additional 

information, i.e., number of fibres and fibre lengths. However, it is be noted that the ST method has a 

statistical advantage while the PCA method has the advantage of a straightforward physical interpretation. 

 

7.  Conclusion 

Continuous fibre reinforced composites are increasingly used for structural applications demanding a high 

stiffness to weight ratio. However, in-depth knowledge of the relation between the, often complex, fibre 

architecture and macroscopic properties is still lacking. Many recent studies have used X-ray computed 

tomography (XCT) to characterize the internal three-dimensional microstructure of composite materials. In 

this study, a novel semi-automatic segmentation procedure is presented. The segmentation algorithm uses 

an existing fibre tracking algorithm and a novel algorithm using principal component analysis (PCA) to 

obtain individual fibre inclinations from XCT data. The present approach using PCA is to the knowledge 

of the authors not found anywhere in literature. The focus of the current segmentation approach is on the 

single fibre level rather than on the bundle level and is therefore suitable for complex random fibre 

architectures. 

The PCA segmentation algorithm was used to characterize two mutually distinct composites systems, 

namely a unidirectional glass fibre reinforced thermoset composite (UD-fib) and an air textured glass fibre 

reinforced composite (air-tex). 

The novel segmentation approach resolves the fibre undulation by discretizing the tomographic volume 

into finite volumes along the length direction of the continuous fibres, i.e., the x-axis. A normalized 

dimensionless segmentation mesh size of Δx 𝐷𝐷𝑓𝑓⁄ = 10 was found to be suitable for both material systems. 
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The segmentation algorithm was used to obtain the inclination distribution for both material systems. 

The results show a weighted mean inclination of 2.1° and 8.0° as well as the corresponding set of quartiles 

[1.4, 1.9, 2.6, 11.3]° and [3.7, 5.9, 10.0, 55,7]° for the UD-fib and air-tex sample, respectively. These results 

are well within the expected inclination angles for the two material systems. The inclination results for the 

air-tex sample clearly show how the PCA segmentation approach is capable of resolving high inclination 

fibre undulation, which was the major goal of the study.  

The segmentation approach using PCA was verified by comparison with equivalent inclination 

distribution results obtained using the structure tensor (ST) method. The qualitative comparative analysis 

of the two methods showed no significant deviations, i.e., the methods are mutually verified. 

The main advantages of the suggested PCA segmentation approach and the individual fibre inclination 

results obtained can be summarized as: 

a) Semi-automated segmentation approach with physical based user input, allowing accurate and 

repeatable segmentation results. 

b) The full segmentation procedure is presented, i.e., fibre detection, fibre tracking and fibre 

inclination estimation. 

c) The novel inclination estimation approach using PCA is verified by comparison with the structure 

tensor method. 

d) The interactive user input is chosen from physical considerations, i.e., the normalized segmentation 

mesh size Δx 𝐷𝐷𝑓𝑓⁄ . 

e) Resolving individual fibre undulation of complex fibre architectures. 

f) The quantified inclination results serve as a benchmark dataset for future segmentation research 

because both the raw XCT data and the corresponding inclination results are available for download 

in [12]. 

The PCA approach could possibly include quantification of the fibre undulation by considering the ratio 

between the 1st and 2nd singular value. This could be of interest in future studies. 

 
 

8.  Data availability 

The raw XCT data and the corresponding inclination segmentation results produced in this study are 

available for download in [12]. 
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Figure 1. Pictures of composite samples and their respective fibre reinforcement: 

a) UD-fib, b) air-tex. 
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Figure 2. 3D tomograms of 988×1013×999 voxels with a voxel size of 1.99µm together with a 

corresponding 2D cross-sectional image slice in the yz-plane: a) UD-fib, b) air-tex. 

 

 

Figure 3. 2D image slices from XCT with fibre centre detections:  

a) UD-fib, b) air-tex. 
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Figure 4. Four evenly spaced stacks of five image slices with detected fibre centres:  

a) UD-fib, b) air-tex. 
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Figure 5. All the 3D fibre trajectories obtained by the fibre tracking segmentation algorithm: 

a) UD-fib, b) air-tex. 

 

 

Figure 6. 10% of the 3D fibre trajectories obtained by the fibre tracking algorithm: 

a) UD-fib, b) air-tex. 
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Figure 7. Example of a fibre trajectory and the corresponding linear 

representation by 1 or 2 segments: a) UD-fib, b) air-tex. 

 

 

Figure 8. Example of a fibre trajectory and the corresponding linear representation by five fibre sub-

segments with a dimensionless height of Δx 𝐷𝐷𝑓𝑓⁄ ≈ 15 (to be explained): 

a) UD-fib, b) air-tex. 
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Figure 9. Fibre trajectory and corresponding linear 

representation using a segmentation mesh with 

Δx 𝐷𝐷𝑓𝑓⁄ ≈ 1, UD-fib. 

 Figure 10. Fibre trajectory and 

corresponding linear representation using a 

segmentation mesh with Δx 𝐷𝐷𝑓𝑓⁄ ≈ 10, air-

tex. 

 
Table 1. Overview of the differences between different dimensionless segmentation mesh sizes. 

# fibre sub-segments 1 5 8 81 

# image slices / fibre sub-segment 900 180 113 12 
𝚫𝚫𝚫𝚫 𝑫𝑫𝒇𝒇⁄  77 15 10 1 
Figure ref. Fig. 7 Fig. 8 Fig. 10 Fig. 9 
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Table 2. Summary of the three individual fibre segmentation steps. 

Segmentation step Segmentation 
algorithm 

User input Processing 
time 

i)    Fibre centre detections 
 
 
 

[21] 
 
 
 

RoI: the full 988×1013×999 
voxels volume 
Patch size: 11 pixels 
Threshold: 0.5 

~1h 

ii)  Fibre tracking 
 

[21] 
 

Image slices: 51-950 
Δ𝐶𝐶𝑚𝑚𝑚𝑚𝑥𝑥

* = 6 pixels 
< 5min 

iii) Inclination estimation 
 
 
 
 
 

PCA 
 
 
 
 
 

Δ𝑥𝑥
𝐷𝐷𝑓𝑓

= [77: 1] 

�
Δ𝑥𝑥
𝐷𝐷𝑓𝑓
�
𝑡𝑡𝑜𝑜𝑡𝑡

= 10 

min(𝑁𝑁𝐶𝐶)∗∗ ≥ 95% 

< 15s 

* Maximum allowed fibre centre movement from one slice to the next. 

** Minimum fraction of fibre centres detected to accept PCA. 

 

 

Figure 11. Weighted mean inclination as a function of dimensionless segmentation mess: 

a) UD-fib, b) air-tex. 

 



 
 
 
 
 
 

28 
 

 

Figure 12. Inclination distribution and projected inclination distributions obtained with a 

segmentation mesh size of  Δ𝑥𝑥
𝐷𝐷𝑓𝑓

= 10: a) UD-fib, b) air-tex. 
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Table 3. Weighted mean and quartiles of the inclination distribution and weighted mean projection 

inclinations (cf. Figure 12). 

Material System �̅�𝜃𝑥𝑥 �̅�𝜃𝑥𝑥𝑦𝑦 �̅�𝜃𝑥𝑥𝑧𝑧 𝑄𝑄𝑥𝑥1 𝑄𝑄𝑥𝑥2 𝑄𝑄𝑥𝑥3 𝑄𝑄𝑥𝑥4 

(a) UD-fib 2.1° -0.7° -0.4° 1.4° 1.9° 2.6° 11.3° 

(b) Air-tex 8.0°  -1.5° 2.6° 3.7° 5.9° 10.0° 55.7° 

 

 

 

Figure 13. 3D volume of fibre trajectories coloured according to their individual mean 

inclination using the quartiles as interval boundaries: a) UD-fib, b) air-tex. 

 

 

Figure 14. Cross-sectional view of fibre trajectories coloured according to their individual 

mean inclination using the quartiles as interval boundaries: a) UD-fib, b) air-tex. 
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Figure 15. Comparison of the inclination distributions obtained using the PCA 

method (red) and the ST method (blue): a) UD-fib, b) air-tex. 
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