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Abstract 

X-ray computed tomography (XCT) allows performing non-destructive measurements of fibers in fiber-reinforced polymeric 

materials. The accurate evaluation of fiber orientation and fiber length distribution is particularly useful as these factors have a 

strong influence on physical and mechanical properties of such materials. XCT data is already successfully used for fiber 

orientation analysis, whereas the fiber length measurement is more complex as it requires the individual fibers to be identified 

and segmented. Software tools able to cope with such tasks are available, but the accuracy of XCT fiber length measurement has 

not been thoroughly investigated so far. In this work, an experimental methodology was developed to determine the accuracy of 

XCT based fiber length measurements, using a reference object that was specifically designed, produced and calibrated for this 

purpose. 
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1    Introduction 

X-ray computed tomography (XCT) is an advanced measuring technique that allows performing non-destructive investigations 

of outer as well as inner geometries and micro-scale features [1]. In addition, metrological XCT systems are currently available 

to perform accurate dimensional measurements [2]. This work addresses the application of XCT in the field of fiber-reinforced 

polymers (FRP), which are increasingly used in industry to produce components with enhanced mechanical properties and 

lightweight [3]. Both local and global properties of such components depend on the final fiber characteristics, including fiber 

orientation, fiber concentration and residual fiber length distribution. In particular, good mechanical properties are associated 

with long and well-oriented reinforcing fiber. However, the injection molding process – often used to produce FRP parts – may 

induce severe fiber breakage and complex fiber orientation due to the high generated shear stresses [4]. For this reason, the 

optimization of the injection molding process is critical and can be pursued only by understanding the correlation between the 

injection molding process parameters and the final fiber state. In order to effectively improve the process, these fiber 

characteristic must be evaluated with adequate and sufficiently accurate measuring techniques. 

In this context, XCT plays an important role for the evaluation of FRP components, as it is capable of measuring all fiber 

geometrical characteristics in a non-destructive way and in a relatively short time. Instead, the conventional methods are 

commonly based on time-consuming destructive operations. For example, the fiber orientation can be evaluated from the 

geometry of elliptical cross-sectional shape of fibers, in correspondence to specific consequential cut-planes of the specimen [5], 

the fiber concentration can be quantified by comparing the sample weight before and after pyrolysis of the polymer matrix [6], 

and the fiber length measurement also requires to perform a pyrolysis of the polymer matrix to perform manual or automatic 

measurement using an optical instrument [7].  A comparison of the fiber length distribution between XCT data analysis and the 

standard pyrolysis method is given by Salaberger et al. [8]. Manual fiber length measurements are time-consuming, tedious and 

error-prone, as at least 1000 fibers should be measured for a good statistic [9], while automatic optical measurements can have 

high uncertainty [9]. In order to overcome the limitations of destructive analyses, XCT data are already successfully used to 

analyse with good accuracy the fiber orientation and the fiber concentration of FRP components [7, 11]. Such analyses are 

respectively based on the evaluation of density gradients (i.e. grey value local gradients) and on a global segmentation of the 

fiber with respect to the matrix, whereas the fiber length measurement requires each single fiber to be identified and segmented. 

The latter operation is indeed particularly difficult because of the various complex configurations assumed by the fibers after the 

injection molding process. In case of large fiber agglomerations, there are many possibilities where fibers are touching over long 

distances or intersecting in few points. Despite the inherent difficulty of segmenting each individual fiber, there are already 

software tools able to measure the fiber length from high-resolution XCT data [12, 13]. The accuracy of such tools has been 

verified using simulated datasets, comparing the measured fibers length with the nominal values [14]. However, there is a lack 

of experimental methodologies for evaluating the accuracy of XCT fiber length measurements considering the entire 

measurement procedure. 

This work aims at investigating the accuracy of fiber length measurements performed by means of X-ray computed tomography. 

The proposed method is based on the approach described in the guideline VDI/VDE 2630-2.1:2015 [15], which adapts to XCT 

the procedure outlined in the standard ISO 15530-2:2011 [16] for coordinate measuring machines (CMMs). In this framework, 

a task-specific reference object developed at University of Padova has been used to determine the uncertainty to be associated 
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to the measurement of actual workpieces. In this work, the targeted actual workpieces are injection molded components 

characterized by a polymer matrix reinforced with glass fibers. 

2    Reference object  

This Section lists the requirements that must be respected by a reference object to be used for assessing the accuracy of XCT 

fiber length measurement (Section 2.1) and describes the main characteristics of the reference object used in this work as well 

as the method followed for the calibration of fiber lengths (Section 2.2). 

2.1    Requirements 

The method used for accuracy evaluation of XCT fiber length measurements in FRP components is based on the approach 

described in the guideline VDI/VDE 2630-2.1:2015 [15], that can be applied when a calibrated object similar to the actual 

workpieces is available with sufficiently low calibration uncertainty. The similarity conditions specified in the guideline 

encompass: material, size, geometry, measurement procedure and environmental conditions (e.g. temperature and humidity). 

Considering the specific case of XCT fiber length measurements, the reference object must respect the following requirements:  

i. material, size and geometry should be equal or similar to the actual FRP components in order to satisfy the similarity 

conditions listed above; 

ii. the reference object should be scanned by XCT using the same scanning parameters used for the actual components; 

iii. the size of the object should be small enough to allow scanning with very small voxel sizes; 

iv. calibration of a number of fibers should be possible with conventional techniques and with low uncertainty; 

v. re-calibration of fiber length during time should be enabled;  

vi. the calibrated fibers should include a wide set of representative lengths, shapes (i.e. straight and curved) and 

configurations (e.g. isolated fibers, fibers intersecting with different angles, touching parallel fibers) that are typically 

present in actual fiber-reinforced components. Figure 1 shows schematically the fiber shapes and configurations 

considered in this work. 

 

Figure 1: Schematic representation of the fiber shapes and configurations considered in this work: isolated and straight fiber 

(IS), fibers intersecting with different angles α (X), touching parallel fibers (P), almost parallel fibers intersecting with a very 

low α value (XP) and isolated curved fibers (IC). 

2.2    Design, production and reference measurements 

 

 

Figure 2: Schematic representation of the dismountable reference object in the assembly state (a); exploded view showing the 

two fiber-reinforced polymeric layers (L1 and L2) and the sub-samples A and B containing the calibrated fibers (b); actual 

reference object disassembled (c) and assembled (d). 

The new reference object and the method for accuracy evaluation of XCT fiber length measurements in FRP parts were developed 

at University of Padova [17]. To meet the requirements reported in Section 2.1, a dismountable configuration was chosen to 

design the reference object, as visible in Figure 2. In particular, the object is composed of two sub-samples (A and B) 

characterized by individual fibers dispersed between two thin transparent polymer layers (whose material density is similar to 
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the matrix density of actual components), enabling optical calibration of the fiber length. The dismountable configuration enables 

also the fiber re-calibration, meeting requirement (v). The actual reference object is shown disassembled in Figure 2-c and 

assembled in Figure 2-d. 

Sub-sample A contains straight fibers with different lengths and configurations, while sub-sample B only contains isolated fibers 

of different lengths (both straight and curved). Two fiber-reinforced polymeric layers (L1 and L2) cut out from an actual 

component (polypropylene reinforced with 30 % by weight glass fibers) surround the two sub-samples to satisfy the requirements 

(i) and (ii).  The dimensions of the object are 6×20×6 mm3, while the region to be XCT scanned is a cube of 6×6×6.2 mm3. The 

reference fiber length measurements of a total of 41 fibers belonging to sub-samples A and B (31 for sub-sample A and 10 for 

sub-sample B) were conducted by means of a CMM equipped with imaging probing sensor (Werth Video Check IP 400). The 

41 calibrated fibers have lengths ranged between about 0.076 mm and 1.5 mm for sub-sample A and between about 0.68 mm 

and 4.2 mm for sub-sample B and different configurations according to Figure 1: 13 IS, 11 X, 5 P, 6 XP and 6 IC.  

3    XCT fiber length measurements  

This Section describes the XCT system used and the main scanning parameters chosen to scan the reference object (Section 

3.1). Moreover, the evaluation methods conducted on the obtained XCT data and the approach for uncertainty determination 

are explained in Section 3.2. 

3.1    XCT scan 

A metrological XCT system (Nikon Metrology MCT225) was used to scan the reference sample described in Section 2. The 

main hardware characteristics of the system are: micro-focus X-ray source with minimum achievable focal spot size of 3 µm, 16 

bit X-ray detector with a 2000×2000 pixel grid, high-precision guideways and controlled cabinet temperature (20 ± 0.5 °C). Five 

repeated scans of the object were conducted using the parameters listed in Table 1. The scan resolution was maximized by 

keeping the focal spot size at a minimum (this was possible by setting the radiation power below 7 watts, according to 

manufacturer specifications) and by achieving a very small voxel size (i.e. 3 µm) thanks to the limited size of the reference 

object. After the acquisition of the 1500 projection images, they were used to reconstruct a three-dimensional model of the 

scanned object.  

Table 1: XCT scanning parameters 

Parameter Value 

Voltage 120 kV 

Current 57 µA 

Power 6.8 W 

Exposure time 2000 ms 

Frames per projection 1 

Nr. of projections 1500 

Physical filter No 

Voxel size 3 µm 

 

3.2    Evaluation methods 

This Section is focused on the description of how manual and automatic software-based fiber length measurements were 

performed (Section 3.2.1 and 3.2.2, respectively). Moreover, Section 3.2.3 deals with the approach adopted for determining the 

measurement uncertainty in both cases. 

3.2.1   Manual measurements 

The analysis and visualization software VGStudio MAX 3.1 (Volume Graphics GmbH) was used for elaborating the obtained 

models. In particular, the local-adaptive surface determination procedure available in the software was employed in order to 

accurately identify and segment the glass fibers (see Figure 3). Local-adaptive algorithms are commonly used for performing 

dimensional measurements from XCT data, as they were proven to lead to more accurate results with respect to global methods 

[1]. The length of the calibrated fibers was measured manually by the analyst in VGStudio MAX 3.1 adopting the following 

strategies: 

- manual probing of end points for straight fibers and computation of point-to-point distance; 

- fitting of free-form 2D profiles on the borders of curved fibers (in correspondence to the central cross-sectional plane) 

and consequent measurement of the length of the symmetric profile (approximated to the centre fiber axis). 
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As stated in Section 1, for a good statistic, at least 1000 fibers should be measured on actual FRP components, which makes 

manual measurements not time-effective. Moreover, the analyst may have a significant influence on the results and different 

analysts may lead to different outcomes. Despite these limitations, the choice to perform manual measurements was made in this 

work for two reasons: (i) the operator is capable of preventing some typical errors which can result from automatic software 

measurement, such as fiber fragmentation and (ii) the points can be virtually probed by the operator on a surface accurately 

determined using the local-adaptive algorithm described above. 

3.2.2   Automatic software-based measurements 

The reconstructed volume of the scanned object was elaborated utilizing the open source software framework open_iA developed 

at the University of Applied Sciences Upper Austria (https://github.com/3dct/open_iA), which provides tools for the visual 

analysis and processing of 3D datasets. In particular, the Fiber Extraction [16] module and the FeatureScout [12] module were 

used to extract and analyse the individual fibers. 

The Fiber Extraction pipeline extracts the information about fiber orientation and fiber length from the XCT data. To achieve 

this, the following steps are applied one after the other to the data: 

1. data smoothing to reduce noise and to increase contrast (e.g. Gaussian smoothing or Anisotropic Diffusion filter), 

2. segmentation using a global threshold (in this work an user-defined threshold was applied) followed by a detailed 

analysis of where fibers are touching, 

3. binary thinning to extract only a single line of voxels for each fiber and the 

4. cluster analysis to separate touching fibers into single objects. 

The output of the Fiber Extraction is a comma-separated values (CSV) file, which contains a row for each extracted fiber, 

followed by the corresponding characteristics (e.g. fiber length) in the columns. This CSV file serves as input for the 

FeatureScout, which is designed to accurately analyse fiber-reinforced polymers with respect to their fiber properties (for 

example, distribution of fiber lengths and fiber orientation). The individual fibers can be selected and displayed by certain criteria. 

Fibers with similar characteristics can be grouped into classes and stored with additional statistical information in a list. Specific 

visualization methods simultaneously show the spatial position of all defined fiber classes in the XCT volume dataset. 

3.2.3   Uncertainty determination 

The reference object described in Section 2 was used in this work with the scope to determine the uncertainty of XCT fiber 

length measurements, by applying the approach described in the guideline VDI/VDE 2630-2.1:2015 [15]. With this approach, 

both systematic errors (average of the differences measured for each fiber between the mean measured value and calibrated 

reference value) and uncertainty to be associated to the actual components can be determined by measuring the calibrated 

object in the same conditions and with the same parameters of the actual components. The uncertainty was determined 

considering two different measurement procedures, the first ending with manual measurements (see Section 3.1.1) and the 

second with automatic software-based measurements (see Section 3.1.2), named respectively �� and ��. 

4   Experimental results 

Figure 3-a and Figure 3-b show the deviations calculated as difference between the measured fiber lengths and corresponding 

calibrated values, respectively for manual and automatic software-based measurements. The results are reported with the 

associated expanded measurement uncertainties (respectively �� and ��), determined as explained in Section 3.2.3. In particular, �� was determined to be equal to 8.7 µm (12 % of the shortest measured fiber length) and �� equal to 28 µm (37 % of the 

shortest measured fiber length). The calibration uncertainty is reported in the diagram as well (see the dashed red lines). In the 

two diagrams, the different types of fibers (i.e. IS, X, P, XP and IC described in Figure 1) are represented with different symbols. 

For the manual measurements, the maximum registered deviation is equal to 9 µm, while the major part is lower than 7 µm. For 

the automatic software-based measurements, the maximum registered deviation is equal to 31 µm, while major part is lower than 

12 µm. In both cases of manual and automatic measurements, the deviations obtained for the curved fibers are comparable to 

those obtained for the straight fibers, whereas slightly higher deviations where found for intersecting fibers and for touching 

parallel fibers. The software-based measurements were capable of correctly identifying 98.5 % of fibers, considering the 5 

repeated XCT scans. In particular, among the 205 measured fibers (41 for each scan), three fibers (all of type XP) were 

erroneously fragmented. Figure 4 shows the maximum and mean errors obtained with the automatic software-based 

measurements subdivided for the five considered fiber types. The smallest errors can be observed for IS and IC fibers, while 

higher errors were obtained for X and P fibers. The highest error was found for XP fibers, due to the three fibers erroneously 

fragmented. If these three fibers are not considered, the results for XP fibers are similar to results of X and P fibers. 

 

https://github.com/3dct/open_iA
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Figure 3: Manual (a) and automatic software-based (b) XCT measurements of fiber length (average of 5 repeated scans) 

compared with the corresponding reference measurements (red continuous line). The error bars represent the expanded 

uncertainties (respectively �� and ��, described in Section 3.1.3.). Dashed red lines represent the calibration uncertainty. Fibers 

erroneously fragmented by the automatic measurement are surrounded by green squares. 
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Figure 4: Maximum and mean errors obtained for the five fiber types described in Figure 1, with reference to the automatic 

software-based measurements.  

5    Discussions and conclusions 

In this work, the accuracy of fiber length measurements performed by means of X-ray computed tomography is investigated by 

an experimental approach based on the method described in the guideline VDI/VDE 2630-2.1:2015 [15]. Such approach consists 

in performing repeated measurements of a reference object, similar to the actual workpieces in terms of material, dimensions 

and geometry. The actual workpieces targeted by this work are injection molded components characterized by a polymer matrix 

reinforced with glass fibers. The used reference object is an assembly composed by (i) two sub-samples (namely sub-sample A 

and sub-sample B) characterized by a number of fibers with different shapes, lengths and configurations dispersed between two 

transparent plastic layers and (ii) two fiber-reinforced polymeric layers cut out from an actual workpiece, surrounding the sub-

samples A and B. Thanks to the dismountable configuration of the reference object and to the transparency of the plastic layers, 

the fibers of sub-samples A and B were calibrated as external features using a CMM equipped with imaging probing system. 

The surrounding fiber-reinforced polymeric layers were necessary to satisfy the similarity conditions recommended in [15] and 

to scan the reference object using the same scanning parameters used for the actual components. In this work, the fiber 

measurement was conducted either by manual measurements performed by the operator in the analysis and visualization software 

VGStudio MAX 3.1 and by an automatic software-based procedure using the software framework open_iA.  

Five repeated XCT scans were conducted using the scanning parameters reported in Table 1 (Section 3.1). The smallest errors 

were registered for the isolated fibers (independently from their shape, i.e. straight or curved): below 6 µm for manual 

measurements and below 9 µm for software-based measurements. Slightly higher errors were obtained for intersecting fibers 

and for touching parallel fibers: below 9 µm for manual measurements (including X, P and XP fibers in this case) and below 16 

µm for software-based measurements (including X and P fibers). Considering the software-based measurements, the highest 

error was found for the XP measurements (maximum error about equal to 31 µm). This was explained by the fact that the 

software-based procedure ended with a total of 3 fibers (1.5 % of the total number of measured fibers) erroneously fragmented.  

Future work will be focused on improving such results, by further investigating the possible causes of the fragmentation (e.g. 

XCT scan artefacts, XCT resolution and noise and parameters of the evaluation software). In conclusion, XCT has proven to be 

an effective tool for a complete assessment of fiber characteristics in FRP products, including also the evaluation of fiber length. 

Small measurement uncertainty can be obtained using the automatic software-based procedure presented in this work, with 

reference to fiber lengths ranged between 0.08 µm and 4.2 mm. Manual measurements (impossible to be effectively applied for 

actual components, due to the huge amount of fibers) demonstrated that there is room for improving significantly the results of 

the automatic procedure and for further decreasing the measurement uncertainties. 
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