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Abstract  

Additive Manufacturing (AM) often produces complex engineered structures by precisely 

distributing materials in a layer-by-layer fashion. Multi-material AM is a particularly flexible 

technique able to combine a range of hard and soft materials to produce designed composites. 

Critically, the design of AM multi-material structures requires the development of precise three-

dimensional (3D) computed aided design (CAD) files. While such digital design is heavily used, 

techniques able to validate the physically manufactured composite against the digital design from 

which it is generated are lacking for AM, especially as any evaluations must be able to distinguish 

material variation across the 3D space. Nowadays, there is a growing interest in volumetric tools that 

can provide topological information hidden by the surface of shaped materials. So far, technologies 

such as Optical microscopy (OM), Scanning Electron Microscopy (SEM), and Coordinate Measuring 

Machine (CMM) have paved the way into the metrology field to measure the external geometry of 

physical objects. Currently, alongside conventional metrology tools, X-ray computed tomography 

(XCT) is emerging to measure the sub-surface of the objects but maintaining the integrity of the 

probed samples. Thereby, the volumetric nature of the XCT investigations and its associated imaging 

techniques, ensure 3D quantitative measurements comparable to the output data from 2D metrology 

tools, but above all, supply the missing sub-surface description for an exhaustive metrology study. 

The reward associated with XCT applied to multi-material AM is a map reflecting the fabricated 

distribution of materials following CAD, with the benefits of better understanding the mechanical 

interplay within phases, hence, describing the hidden processes as well as the changes in phases due 

to a range of mechanical or chemical phenomena. In this study, a non-destructive approach using X-

ray computed tomography (XCT) is used to fully evaluate the 3D distribution of multi-materials from 

an AM process. Specifically, two diverse hard and soft materials are alternatively produced in the 

form of a fibre embedded in a matrix via ink-jet printing. XCT coupled with imaging evaluation were 

able to distinguish between the differing materials and, importantly, to demonstrate a reduction in the 

expected fabricated volumes when compared to the respective CAD designs.  
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Introduction  

Three-dimensional (3D) additive layer manufacturing (AM), commonly referred to as 3D 

printing, has shown significant potential in fabricating complex parts. The attractiveness of AM is 

based on digital designs, with almost arbitrary shape and complexity being translated to a physical 

model through additive material deposition1–3. Limits in free form fabrication of classical 

manufacturing such as mould jetting and CNC machining have been overcome using AM 

approaches2,4–6. The flexibility of AM lies in the development of computed aided designs (CAD) that 

are subsequently translated in standard tessellation language (STL), which controls the physical 

production of either simple mono-material or more organised multi-material parts. For the latter, 

multi-material AM has attracted the attention of material scientists due to its ability to construct 

engineered composites. The recent availability of multi-jetting technology is of significant 

importance and, as a result of this importance, has led to recognition within ISO and ASTM 

international standards7–9. However, techniques able to validate the digital designs of the AM 

composite with the ability to evaluate compositional changes across the 3D space are lacking. 

Common inspection methods, such as optical microscopy (OM) and scanning electron microscopy 

(SEM), are widely used to provide detailed topological and compositional information by inspecting 

the surface of a sample before or after testing. Compositional information can be further provided by 

integrating SEM with an energy Dispersive X-ray spectrometry (EDS)10 systems.  Both SEM and 

EDS fundamentally allow two-dimensional (2D) inspections, providing data limited to the surface of 

the sample but not information about the sub-surface of the object.  

The work herein presented attempts to define a suitable method of evaluating AM multi-

material composites. While the approach is flexible for a range of composite structures, consideration 

of an AM material jetting system is provided. Material jetting systems exploit a piezoelectric ink-jet 

print head to precisely deposit on demand nano-droplets of photo-curable materials containing a 

photo initiator. A photo-polymerization system is coupled to the piezoelectric printing head to cure 

the droplets which then form a solid polymer, layer by layer, onto a building platform known as 

substrate11,12. The light coming from an ultraviolet (UV) lamp activates the curing process of the 

photopolymer layers, each one sticking to the previous layer by a roller/planarizer rolling over the 

printed layer to obtain the set layer thickness. The process continues until the entire designed part is 

realised. Typically, these materials are similar in physical characteristics such as density, which 

makes attempts to differentiate them challenging with OM, unless variations in surface finish or 

colour are apparent. In the case of SEM materials could be distinguished as long as there is a sufficient 

atomic number contrast as well as a reasonable correlation between atomic number differences and 

the material density. 



In previous studies13 optical and SEM investigations were useful to monitor mechanical 

testing of multi-material composites, which allowed computational predictions on crack development 

and related energy dissipation/toughening strategies of biologically inspired structures14,15. In another 

study, two materials of contrasting hard and soft mechanical properties were combined to explore the 

effects of simple 3D chess patterns, printed in a voxel-based manner with varying dimensional 

parameters to influence the fracture path. SEM was employed to routinely highlight contours of 

different regions as well as failure lines predominantly propagating through the rigid material during 

mechanical testing16.  

Imaging techniques such as OM and SEM are able to provide topological information on the 

surface of shaped materials, but complementary imaging techniques such as X-ray computed 

tomography (XCT) are necessary to reveal volumetric information where the other imaging 

techniques are not practical.  XCT is the most promising non-destructive method able to fully 

characterize materials and components in 3D17,18. Differently from SEM and OM, XCT is able to 

provide materials parameters about the structural integrity of samples that can be jeopardized by 

hidden cracks, voids, inclusions delamination and porosity. Moreover, physical and mechanical 

properties can be monitored in real time to describe processes occurring within the samples via In-

situ XCT testing19,20. Quantitative measurements can be made from the resulting digital image data, 

including the spatial distribution and volume fraction of phases, as well as the changes in phases due 

to a range of mechanical or chemical phenomena. 

XCT generates 3-dimensional representations of objects, typically non-destructively, hence 

allowing sample monitoring before, during and after a particular testing regime is applied to the 

sample. As composites are used predominantly in structural applications, mechanical testing is 

usually applied to evaluate deformation and failure of the various constituent materials as well as the 

resultant structure21–24 . XCT allows 3D mapping of the effective density distribution in the fabricated 

part, which predominantly defines the attenuation between the probe X-ray and material. The 

generated 3D map consists of voxels that are displayed with a greyscale value related to the X-ray 

attenuation of the material25. If materials identification is possible, CAD designed features and 

triangulated surfaces (meshes) resulting from the image processing after XCT scanning can be 

compared. So far, the use of XCT combined with AM has been primarily oriented to investigate and 

compare mono-material AM parts against CAD models, thus considering topology primarily. Routine 

studies have evaluated the porosity of a structure produced from a stereolithography26 and direct metal 

laser sintering10 AM process using XCT imaging where the material and porous space provided 

significant variation in the X-ray probe attenuation with the sample. XCT investigation of AM multi-

material structures have been performed to evaluate the interfacial density variation between copper 



and steel and examine alloying of molybdenum particles in titanium parts produced via laser powder 

bed fusion25. In some cases, synchrotron XCT techniques were used to accurately determine 

distribution of pores and inclusions in the same sample manufactured with laser metal deposition27. 

Currently the use of XCT to determine composition of AM multi-material structures has been 

neglected especially when employing multi-jetting technology to facilitate the production of 

polymeric composite structures where different materials within such structures have similar 

densities28–31. Understanding the variation in composition for AM multi-material structures has been 

shown to be important in determining the fracture development of the structure during mechanical 

loading. Composite materials incorporating bone, biocalcite and bone-like geometries32–35 were 

produced using ink-jet AM and avoiding multistep parts assembly of soft phase and hard-stiff 

inclusions to reproduce the mechanical interplay between phases and toughening mechanisms 

inspired by nature.  

In the work presented here, XCT is employed to qualitatively and quantitatively analyse the 

assembly of ink-jet multi-material AM composites made of soft and hard phases. The test protocol 

adopted for this study is as follows. A composite structure comprising of a single hard fibre feature 

embedded in a softer matrix material was designed in CAD and then produced in the form of a fibre 

embedded in a matrix with two diverse hard and soft materials to be then imaged using XCT. 

Reconstructed images were subjected to image analysis with a Gaussian filter applied to homogenise 

the greyscale value of fibre and matrix regions which geometries were reconstructed, measured and 

compared to the original CAD sources. A profilometer was then used on the 3D printed models to 

validate the basic dimensions from CAD design and reconstructed XCT geometries. Finally, 

quantification of geometrical differences between CAD and XCT data sets was performed using a 

Hausdorff distance criterion to produce a 3D-coloured map reporting a corresponding increasing 

coincidence between the digital design and AM physical objects. 

 A critical aim of the evaluations is the potential for XCT to distinguish between different UV 

curable 3D printing materials but similar in density, hence in X-ray attenuation. Hard and soft 

materials were allocated to both matrix and inclusion to detect any difference in contrast and shape. 

The proposed XCT-based workflow aims to compare input drawings with the manufactured ones, 

maximizing contrast between the fibre and matrix.  

Material and Methods 

Design and 3D printing 

An interlocking single fibre composite was designed in Rhinoceros 3D 5.0 (Robert McNeel and 

Associates, USA) in the form of complementary regions defined by precise geometrical boundaries. 



The interlocking shape was chosen to allow warping of thin walls as a result of the manufacturing 

process, which will then be highlighted within the geometrical difference between the CAD design 

and the XCT reconstruction. The resultant CAD model is displayed in Figure 1a-d, where a 

rectangular feature is included in a matrix characterised by narrow neck (2 mm) and a wide body (10 

mm).  

The nominal thicknesses of the matrix and fibre are 3 mm and 2 mm, respectively. An ink-jet based 

3D printer (ProJet 5500X, 3D Systems, USA) allowed for the simultaneous layered deposition of two 

base materials, namely a hard-white material (VisiJet® CR-WT 200) and a soft black material 

(VisiJet® CE-BK) from the same 3D printer manufacturer. These materials are referred to in this 

paper as WT and BK, respectively. The density of the two materials WT and BK is 1.18 and 1.12 

g/cm3 respectively. The 3D printer resolution was set to an ultra-high definition 13 µm layer thickness 

(750 x 750 x 2000 Dots per Inch (DPI)), which is the highest performance of the 3D printer used in 

this study. Two sample configurations of black fibres in a white matrix (BK into WT) and white fibres 

in a black matrix (WT into BK) were designed (Figure 1e-f).  

XCT accuracy evaluation 

A DIN-compliant phantom (QRM GmbH, Möhrendorf, Germany) of known standardised dimensions 

(Figure 2a-c) was imaged using an XCT system (Versa 520, Carl Zeiss Microscopy Ltd., USA) 

operating with a 70 kV/6 W equipped with 0.4X lens. As shown in Figure 2c The calibration phantom 

embeds some cylindrical inserts and it is generally used for bone density calibration in micro XCT 

systems as well as high contrast resolution evaluations to understand XCT performance in density 

variation of similar features36.  

A 29 µm isotropic voxel size was achieved from imaging samples with a total of 1601 projections 

over 360°. Each projection was collected at a 2 s exposure time. The reconstruction of image data 

sets of the two scanned samples was performed using Scout and Scan software (Zeiss) and rendered 

using XM3DViewer 1.2.8 (Zeiss). The resultant XCT images were post-processed using a semi-

commercial software (MeVisLab, MeVis Medical Solutions AG, http://www.mevislab.de/) to 

measure the cylindrical inserts of the phantom and check the XCT accuracy (Figure 2d-i). The 

accuracy of the XCT system was confirmed by a mean length of both cylindrical inserts and phantom 

of 5.002 mm, a mean diameter of 0.798 mm for the cylindrical inserts and a diameter of 4.504 mm 

for the cylindrical phantom.  

 The 3D printed samples were scanned using identical XCT setting details from the previous 

phantom acquisition. A polyurethane foam material was used to support and hold in place the multi-

http://www.mevislab.de/


material part within a transparent box confining the volume of interest within the XCT system (Figure 

3a). The samples mounting procedure was identical for each sample, guaranteeing the same imaging 

orientation. The voxel size was determined so that the whole volume of the sample could be imaged 

in a single field of view (29 µm). 

Profilometer acquisitions 

The 3D printed models were checked using a profilometer (Mitutoyo SV-C 3200, Formtracer) to see 

how well the basic dimensions agree with the CAD design and the XCT meshes. The profilometer 

was equipped with a S3000 roughness measurement head using a stylus with a 5 µm tip radius and a 

90° tip angle was employed for this purpose. A 3mm slip gauge was placed next to the sample to act 

as a datum for vertical alignment, and a series of contour measurements were made across the sample 

surface at a 0.5 mm pitch. Within each contour the position of the stylus was recorded every 1 µm, at 

constant pitch relative to the path of the contour. The output data was recorded in µm then converted 

to mm and imported into Rhinoceros, where a triangulation tool was used to create an .STL file using 

the default settings. 

Image post-processing 

The resultant XCT images were post-processed using a semi-commercial software (MeVisLab, 

MeVis Medical Solutions AG, http://www.mevislab.de/). The post-processing was applied to 

enhance contrast between the WT and BK materials as well as allowing quantitative comparison 

between the digital composite designs and the resultant AM physical output. The image processing 

workflow was built by connecting components in a cascade fashion (Figure 3). X-ray tomograms 

were imported in MeVisLab to define an interactive reconstruction of Volumes of Interest (VOIs). 

For the purpose of this study, a visual script aimed at recognising greyscale distribution in the samples 

was generated and then followed by a procedure of segmentation via region growing to discern 

different phases (Figure 3a-c). Given the similar densities of the materials used, a filtering procedure 

based on Gaussian smoothing was necessary to homogenise the greyscale value of the voxels 

belonging to the same phase (Figure 3b). The Gaussian Smoothing component provided by 

MeVisLab, performs an isotropic smoothing to the image data set in input. A Gaussian sigma equal 

to 2 was adopted to set the window of the filter kernel.  

A calibration step performed on the overall shape of the samples was necessary to verify that the 

applied Gaussian filtering would maintain the same volume of the original geometry. Threshold 

values to segment VOIs were found analysing the histograms of each data-sets or materials 
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combination. The region growing procedure started with the selection of a seed that is a voxel 

belonging to the considered XCT image data set. The region was then expanded to neighbouring 

voxels in which grey values are coincident or fall in an interval defined by the user and named 

Threshold interval size [%]. For this purpose, a seed was placed within the VOI (matrix plus fibre), 

adopting a threshold interval size to be decreased in a multipass scheme. The multipass scheme aimed 

to identify the optimum Threshold interval size [%] to segment the sample as multi-material piece. 

The Threshold Interval Size was reduced until a constant segmented volume was reached, irrespective 

of the expected CAD volume.  Figure 3b describes how to highlight the VOI decreasing the threshold 

interval size. Once the VOI has been segmented, the second step of the region growing procedure 

aimed to separate the fibre from the matrix. The two regions are spatially assembled; therefore, the 

image data set was processed applying a Gaussian smoothing filtering to homogenise pixel intensity.  

The contrast between fibre and matrix was enhanced to facilitate a further region growing 

segmentation, separating fibre from matrix. The fibre itself represents the new VOI; thus, all the grey 

values belonging to the matrix were neglected. The starting seed was placed in the fibre and multipass 

scheme used to identify the Threshold interval size [%] for both BK fibres into WT matrix and vice 

versa.  

Meshes geometric difference 

Quantification of geometrical differences between CAD and XCT data sets was performed using a 

Hausdorff distance criterion. Specifically, MeshLab v. 1.3.4beta (Visual Computing Lab, ISTI, CNR) 

applied a sampling filter called Hausdorff distance, based on the Metro digital tooL37. The tool 

numerically compares two triangulated meshes representing the same surface at different levels of 

detail. In the current study the two surfaces are represented by the ideal CAD drawing and the 

resultant reconstructed mesh surface after image processing. The difference between two meshes 

results in an approximation error that can be defined as the distance between corresponding sections 

of the meshes. Such differences are evaluated by considering a point p on a surface S, such that a 

distance to another point can be defined by e (p,S) thus:  

                 e (p, S)  =  min
                               p′∈  S

d(p, p′)        Equation (1) 

Where d is the Euclidean distance between two points in the space E3. The distance between two 

surfaces S1 and S2 is then defined as: 

E (S1, S2)  =  max
  p ∈  s1

e(p, s2)                                              Equation (2) 



This definition of distance is not symmetric such as E (S1,S2) ≠ E (S2,S1). A two-sided distance 

(Hausdorff distance) may be obtained by taking the maximum of E (S1,S2) and E (S2,S1). The 

MeshLab command uses a sampling function that computes the aforementioned formula. A number 

of points p1 is defined onto a mesh or surface S1. The search is carried on for each point p1 to find the 

closest point p2 on the mesh or surface S2. The software reports numerical results in mesh units with 

a red through green to blue map reporting a corresponding increasing coincidence between the digital 

design and AM physical object. 

Results 

Image processing: VOIs thresholding 

Figure 4a-b shows a comparison between the volume segmentation before (RAW data set) and after 

the Gaussian smoothing. The multipass scheme with decreasing Threshold interval sizes [%] was 

pushed to a final size of 17.5% and 13% for BK into WT composite RAW data set and Gaussian 

smoothed (Figure 4a), whereas values of 9.4 % and 7.5 % were found for the WT into BK composite 

(Figure 4b).  

Interval Size was reduced until a constant segmented volume of interest was reached, irrespective of 

the expected CAD volume which was reached in Figure 4c and Figure 4d for optimised threshold 

interval sizes of 1.2% and 1.4%. A further investigation was carried out in CAD environment to 

provide insights into the accuracy of the reconstructed VOIs in terms of linear measurements of width, 

length and thickness. Table 1 outlines the results of several geometrical comparisons referring to 

reconstructed meshes to the original CAD drawing. The analysed parameters were volume, surface 

area, width, length and thickness for both the reconstructed fibre and matrix. To have comparable 

measurements, geometries were aligned in x, y and z axis and bounding box volumes retrieved. For 

consistency, the fibre and matrix lengths, widths and thicknesses measurements were taken from the 

bounding box.  

Meshes geometrical differences 

Resultant Hausdorff distance maps are shown in Figure 5. Red and blue are the boundary colours 

representing distances between the meshes (0.00 mm to 0.38 mm) for the matrix and (0.00 mm to 

0.49 mm) for the fibre, respectively. The BK fibre into the WT matrix displayed maximum Hausdorff 

distances of 0.38 mm (Figure 5a) and 0.49 mm (Figure 5-a1) for the matrix and fibre respectively, 

whereas the WT into BK composite showed smaller distances for matrix (0.38 mm, Figure 6b) and 

fibre (0.38 mm, Figure 6-b1).  



Discussion 

The aim of this study was to implement a procedure able to qualitatively and quantitatively analyse 

the direct assembly of ink-jet 3D printed composites. The proposed workflow was able to determine 

the composition of a single fibre composite that is a simplified version of AM polymeric composites 

previously proposed28–30. Differentiating the core fibre from the bulk within the AM composite using 

XCT was challenging mostly due to the presence of phases with similar densities. Most ink-jet print 

heads work best with inks of low viscosity at/or near room temperature38. This could be impairing 

XCT ability to discriminate elements with similar attenuation and dimensions, such as ink-jets. The 

investigated materials are relatively low-density polymers which have quite low attenuation 

coefficients. Moreover, the two polymers are also probably quite similar chemically and structurally, 

therefore, the differences observed in XCT between the two polymers are probably due to differences 

in density rather than chemistry. To be effective XCT needs to be coupled with imaging techniques 

able to reconstruct and partition regions in an image such as the profilometer as well as other 

conventional metrology tools for comparison and validation. To this purpose, a direct comparison 

between two meshes detected with unconventional and conventional metrology techniques is reported 

in Figure 6. The XCT reconstructed surfaces in black and the ones recorded with the profilometer in 

grey. In general, both technologies are in good agreement with a maximum deviation error between 

the two technology of 0.37 mm and 0.43 mm and refer to the case of the WT into BK external width 

and length respectively. 

Despite external dimensions of probed samples can be compared with conventional measurement 

tools, internal metrology evaluations were possible thanks to image analysis applied to XCT. To this 

purpose Gaussian smoothing was used to `blur' images and remove detail and noise. In this sense it 

is similar to the mean filter but it uses a different kernel that represents the shape of a Gaussian (`bell-

shaped') hump. One of the principal reasons for using a Gaussian filter is due to its frequency response 

able to reduce the high spatial frequency components from an image39. Compared to other linear 

filters such as the Mean filter, Gaussian blurring is a linear operator rather than non-linear. Contrary 

to the mean filters performing a uniform weighted average, the degree of smoothing of a Gaussian 

filter is determined by the Gaussian standard deviation; the output represents a weighted average of 

each voxel’s neighbourhood rather than uniform smoothing. Other filters such as the Median are non-

linear and are popular for removing details and noise40. In the case of this study, edges were 

reconstructed combining the Gaussian operator to a region growing procedure due to the fact that 

edges where not defined. Indeed, what appeared as a cluster of islands in the core of data sets, resulted 

to form a boundary that reflected the fibre shape. This aspect was fundamental for the XCT 



visualisation of the fibre core region in this study. Moreover, a complementary materials allocation 

WT into BK and WT into BK showed how this could affect the manufacturing process, hence 

deviating from the original CAD design according to different materials allocation. The Gaussian 

filter successfully smoothed and interconnected the sub-regions in the fibres, enhancing the contrast 

between matrix and fibre. Finally, a multipass region growing procedure helped in defining 

thresholding values to isolate a continuous fibre from the external matrix. Further analysis in terms 

of surface area and volume were performed on the resulting STL meshes and directly compared to 

the CAD source files after both XCT data sets were converted into STL files to perform a geometrical 

comparison with the CAD drawing. Table 1 allows a critical comparison of the investigated material 

assemblies.  The volume of the whole sample was coincident to the CAD model in terms of volume 

and surface area where the largest discrepancy was shown from the BK fibre into the WT matrix. A 

decrease in volume for both samples BK into WT and WT into BK of 7.6% and 9.5 % respectively, 

can be related to the material behaviour during production. The volume of the embedded fibres was 

almost replicated with the digital design, showing a 3.7% and 1.9% volume reduction in comparison 

to the original CAD drawing of the fibre. The surface area of the matrix and fibre for both material 

combinations slightly differed from the design, showing a maximum of 5.1% surface area loss for 

BK into WT composite. Width, length and thickness of the parts and the fibre all differed for less 

than a 10% compared to the CAD drawing, except for the widths of the fibre, which were found to 

be bigger by 30% and 15% for the BK into WT and WT into BK, respectively. This can be explained 

by referring to the ink-jet AM process, which uses a roller/planerizer in order to flatten the printed 

parts and remove bubbles and excess of material from the printed layer, according to the resolution 

set for the AM process7. Critically, the fibre core of the composite, is still partially cured by the UV 

light when the roller passes onto the layer, spreading the core in the XY plane while pushing the fibre 

to spread at the interface into the matrix. This appears to be more effective for the combination BK 

into WT where the black elastomeric material is the fibre. In this regard, the profilometer was able to 

confirm the measurements revealed by the Meshlab Hausdorff distance (0.38mm) when applied to 

XCT and CAD models (Figure 5a). In particular, Figure 7 shows the profilometer detections of WT 

into BK and BK into WT (Figure 7a-b) in which a maximum deflection of the top surface (Figure 7b) 

is shown (0.37 mm). XCT and profilometer meshes of BK into WT sample are presented in Figure 

7e-f where the contours of the distorted top surface are selected on the same z-level for comparison. 

Conclusion 

A volumetric metrology workflow was applied to multi-material AM composites and proposed in 

this study. Two different allocation of materials, BK into WT and WT into BK, were considered to 



investigate manufacturing fidelity when fibre and matrix were mutually produced with rigid WT and 

flexible BK materials, but complying with the same CAD drawing. XCT helped to produce a virtual 

model of the 3D printed part, showing regions very similar in density, hence difficult to be 

distinguished and compared. In order to stabilize the workflow, the procedure considered a region 

growing calibration step performed on the overall shape of the samples without considering the 

embedded fibre. This study demonstrates the viability of XCT to quantitatively analyse AM multi-

materials prototypes made of soft and hard phases produced via ink-jet AM. This investigation is 

relevant in defining design boundary conditions below which features are partially reproduced in 

respect to the original digital drawings, with the potential of affecting the phases mechanical 

interplay, which is fundamental for materials science and engineering composite applications. 
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Figure and Figure Captions 

 

Figure 1. Representation of the interlocking fibre composite. a-e) CAD drawings of the multi-

material part. The matrix is reported in black, the inner fibre in red. All the dimensions are in mm. b) 

Fabricated parts with complementary materials allocation. XCT reconstruction of the corresponding 

composites (c) BK in WT and (d) WT in BK. 

 

 

 

 



 

Figure 2. a) Calibration Phantom, b-c) CAD drawings of the calibration phantom, d) XCT top view 

reconstructed image of the, e) Perspective view of both phantom and inserts, f-g) Front view of the 

measured inserts. 

 

 

 

 

 

 



 

Figure 3. Schematic showing the overall workflow and the subsequent steps to (a) place the red 

region growing pixels cluster (seed) into the core region to be separated from the rest; (b) data sets 

comparison before and after Gaussian smoothing to homogenise the highlands effects within the fibre 

core; (c) the final post-processed imaging highlighting a discrete fibrous object within a matrix.   

 

 

 

 

 



 

Figure 4. Multipass region growing scheme for (a) BK into WT and (b) WT into BK material 

composites. The threshold interval size [%] is reported on the x-axis whereas the segmented volume 

is provided by the y-axis for each iteration step. The black squares represent. 

 

 

 

 

 

 



 

Figure 5. Geometrical difference applied to the reconstructed VOIs using the Hausdorff distance in 

Meshlab for matrix Figure 5a-b and fibre Figure 5a1-b1. The reconstructed geometries were 

compared with the respective CAD drawings, BK into WT (a, a1) and WT into BK (b, b1). The 

distance range is visually reported and represented by a shade of colours that goes from blue to red 

accompanied by the relative variation. 

 

 

 

 

 



 

Figure 6. Direct comparison between XCT and profilometer measurements. Units are in mm. 

 

 

 

 

 

 

 



 

Figure 7. a) Profilometer top surfaces reconstruction of: a) WT into BK top surface, b) BK into WT 

samples. Side view of the profilometer reconstruction of: c) WT into BK and d) BK into WT samples. 

XCT and profilometer top surfaces reconstruction of WT into BK. Contour lone of the surface 

distortion are selected on the same z-level. Units are in mm. 

 
 
 
 
 
 
 
 
 
 



Table 1. Geometrical dimensions from CAD drawings compared to those of the reconstructed meshes 

after XCT scanning of BK into WT and WT into BK materials. Absolute relative changes are reported 

as percentage of the CAD values. 
 

 

     Triangulates surfaces comparison 

CAD BK into WT WT into BK 
Abs. Relative Difference (%) 

BK into WT WT into BK 

Matrix Volume       (mm3) 600.0 554.2 542.9 7.6 9.5 

Fibre Volume         (mm3) 32.0 31.4 30.8 1.9 3.7 

Matrix Surf. Area   (mm2) 669.8 635.6 637.2 5.1 4.9 

Fibre Surf. Area     (mm2) 72.0 71.2 70.8 1.1 1.7 

Matrix width            (mm) 10.0 9.9 10.1 1.5 1.1 

Fibre width               (mm) 2.0 2.6 2.3 30.0 15.0 

Matrix length           (mm) 24.0 23.9 24.0 0.4 0.2 

Fibre lenght              (mm) 8.0 8.6 8.1 7.5 1.2 

Matrix thickness      (mm) 3.0 3.2 3.2 6.6 6.7 

Fibre thickness         (mm) 2.0 1.9 2.2 5.0 10.0 
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