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A B S T R A C T   

Understanding the three-dimensional variability of unidirectional composites is relevant to the material per-
formance and the development of advanced material modelling strategies. This work proposes a new method-
ology for the characterization of unidirectional composites, showcased on carbon fibre/poly(ether-ether-ketone) 
tapes. Three microstructural descriptors were here introduced, each representing an increasing level of 
complexity in the fibre architecture: from a tortuosity-based single fibre trajectory analysis to fibre groups’ 
behaviour, to fibre network interconnectivity. The methodology was developed and validated on real material 
datasets acquired via X-ray computed tomography. A facile method for image analysis was used to reconstruct 
the three-dimensional fibrous architecture at a single fibre path resolution. The approach bridges a gap in the 
traditional approach and nomenclature typical of the composite field to describe and quantify complex fibre 
organization in unidirectional composites, highlighting micro- and mesoscopic features, such as edge-core effects 
in the fibre arrangement, possibly occurring in tow spreading. The study of the parameter interdependence 
showed relationships, which will provide further insight for future research in the study of microstructure for-
mation of unidirectional composites, its evolution during processing or loading, and input for advanced 
modelling techniques based on Representative Volume Elements.   

1. Introduction 

Microstructural features are relevant for understanding and model-
ling unidirectional composites (UDCs) performance [1]. Size effects [2], 
microscale variability [1,3–6], and local fibre orientation [7–12] do 
have an impact on mechanical properties [13,14] and processability 
[15]. In particular, understanding the three-dimensional (3D) variability 
in the fibre arrangement of UDCs was highlighted for its importance in 
advanced material modelling [14,16]. Different routes are available for 
the reconstruction of the 3D unidirectional microstructure. Optical mi-
croscopy slicing works with the acquisition of several images along the 
length of the UDC by performing cyclic grinding and polishing steps 
[17]. This method is however labour-intensive and leads to destructive 
alteration of the specimen. X-ray based techniques such as X-ray 
Computed Tomography (XCT) and Synchrotron Radiation 
Micro-Computed Tomography (SRCT) have been receiving increasing 
interest for their ability to capture volumetric data with high automa-
tion. Even though characterized by a lower contrast between fibre and 
matrix and by reconstruction artefacts, successful post-processing of the 
obtained volume was performed via individual fibre tracking [18–20], 

Digital Image Correlation [14,20], and homogenisation tensor [21,22]. 
Single fibre paths tracking comes with challenges related to the high 
resolution and contrast required to identify single fibre centres, espe-
cially in carbon fibre composites, where the fibre diameter is typically in 
the order of 7 μm [23]. It has however the advantage of a full 3D 
reconstruction of the fibre architectural arrangement, and the possibility 
to correctly attribute properties to single fibres. 

Recent work highlights the relevance of understanding micro- and 
mesoscopic features in the fibre organisation, hinting at the emergence 
of complex fibre movements. Fritz et al. [24] used XCT to analyse the 
microstructure of intralaminar tow-aligned resin rich pockets, which are 
intra-tow features that were theorised to be related to spreading, and on 
the characterization of intralaminar sub-microvoids in aerospace grade 
composites. ‘Stray fibres’ have been observed at the ply interface, 
typically showing greater deviation from the main unidirectional 
orientation by crossing the path of multiple fibres [24]. Zehnder et al. 
performed reconstruction of single fibres based on XCT data in bent 
unidirectional samples via particle tracking algorithms. The work 
highlighted challenges in tracking fibres in media with small features 
and low contrast between the different constituents, which is made 
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worse by bending [23]. Mehdikhani et al. analysed SRCT data via both 
DIC and single fibre tracking to map local fibre misalignment, quanti-
fying differences in the in-plane and out-of-plane direction [14]. In the 
work of Emerson et al., SRCT was used to evaluate the in-situ behaviour 
under compression loading using a single fibre tracking algorithm [18], 
observing the evolution of micro-buckling and kinking at different load 
steps [19]. They were able to qualitatively show spatial variations in the 
azimuthal fibre alignment with increasing load, showing a tendency to 
an increase in both fibre misalignment with the axial direction and 
global twisting of the fibre network. Wang et al. expanded this study by 
using XCT analysis to further studying segregation effects in the fibre 
alignment and local buckling by means of k-means clustering [25]. The 
work of Fast et al. represents one of the most comprehensive efforts to 
quantify microstructural variability in fibre reinforced composites 
following single fibre tracking [26]. The authors employed topological 
and euclidean metrics to characterize unidirectional composite volumes 
acquired via SRCT. The analysis addressed the quantification of both 
traditional descriptors such as local fibre volume and orientation, as well 
as less explored concepts such as Voronoi fibre neighbourhood analysis, 
to highlight clustering in fibre neighbours association. 

Even though complex fibre arrangements are observed, the param-
eters used to quantify these phenomena are mostly still bounded to a 
traditional approach and nomenclature typical of the composite field. By 
looking into other research domains, new approaches for investigating 
these features can be found. 

In the context of studying the permeability of fibre bundles, tortu-
osity was defined as the ratio between the distance covered by the fluid 
during permeation and the distance as if it was a straight line [27]. 
Tortuosity was also used by Wojciech et al. to characterize gas transport 
kinetics regimes through randomly oriented carbon nanotube arrays 
[28]. This is a local parameter that can provide insight on differences in 
functional organisation. In the study of the collagen fibre architecture of 
the eye, the same definition was applied to map local variations for the 
identification of different functional regions [29]. The concept of tor-
tuosity has however not been applied yet to study fibre organisation in 
unidirectional composites, but could prove useful in mapping local 
variations in their arrangement. This might both help characterizing the 
mechanisms of microstructure formation, and the micromechanical ef-
fect of local variability in fibre alignment. 

The understanding of patterns in collective fibre organisation has not 
been well addressed in fibre composites literature. This would however 
be relevant to gain a greater understanding of the microstructure for-
mation, spatial organisation and evolution. In biological sciences, the 
study of collective organisation is conducted in relation to animal 
locomotion [21,30]. Various descriptors are used to characterize col-
lective phenomena, from vorticity in bacteria assembly [31] to coherent 
directional motion parameters [32], to velocity correlation functions for 
hierarchies in birds flocking motion [33]. Similar models could help to 
capture local order regions in materials of engineering interest. For 
unidirectional composites, such descriptors could be used to study both 
microstructural formation and local variability in the fibre arrangement 
in the length direction of the UDC, using in this case an analogy between 
time and axial position. 

The study of the architectural interconnectivity of fibrous materials 
can further add to understanding its morphology. In silkworm cocoons, 
for example, greater fibre orientation with the tensile direction and 
higher fibre intersection densities appear to contribute to higher tensile 
performance [34]. Edge-core effects in the local fibre content are also 
observed, with a decreasing fibre volume from the centre to the edges. 
The fibre intersection density was also evaluated in the architecture of 
bird nests to characterize their network [35,36], by tracking the number 
of contacts between straws. A similar approach was used by Viguie et al. 
to study fibre contacts in fibrous material of diverse origins, from glass 
fibres to cellulosic fibres [37]. Fast et al. applied a similar concept to 
study of unidirectional microstructures, hypothesising an effect on the 
fracture toughness of composites [26]. 

This work takes a step forward in the 3D characterization of UDCs to 
elucidate their microstructural complexity. The aim is to develop new 
approaches for more advanced quantification of complex phenomena 
such as microstructure formation and evolution, and for the generation 
of RVE for advanced material modelling. This is done by introducing 
novel descriptors which address the local fibre architecture at an 
increased level of complexity. Such descriptors are based respectively on 
the concepts of tortuosity, collectivity in the fibre motion, and length of 
neighbourhood to quantify the network interconnectivity. Section 2 
addresses the reconstruction of the 3D fibre architecture of unidirec-
tional fibre composites. X-ray computed tomography was used for the 
image acquisition, and a facile method for image analysis was used for 
the 3D data reconstruction. Section 3 introduces the novel parameters 
used for the fibre path analysis. The results of the application of the 
methodology to selected UDCs, and the discussion of the identified hi-
erarchies and parameter interdependence, can be found respectively in 
Section 4 and 5. Conclusions and indications for future work will be 
addressed in Section 6. 

2. Methodology 

The methodology developed is based on computational image anal-
ysis of real material datasets. The purpose of this section is to identify an 
analysis workflow that can be applied to similar unidirectional mate-
rials, such as continuous fibre-matrix systems. 

2.1. Sample preparation 

The methodology was showcased by using two commercial 
aerospace-grade unidirectional tapes of carbon fibre and poly(ether- 
ether-ketone). The tapes have a nominal fibre volume fraction of 59% 
and 47% respectively, and a thickness of 150 μm and 200 μm, and 
hereby called Tape A and Tape B. Samples of 10 mm in fibre direction 
and 1.5 mm in width direction were harvested from a larger tape roll. 

2.2. Tomographic image collection 

The data reported was acquired via X-ray micro-computed tomog-
raphy with a Zeiss Xradia 520 Versa, which is a state of the art instru-
ment used in recent literature [10,18,23–25,38]. A resolution of 0.7232 
μm, corresponding to about 10 pixels per fibre diameter, was selected to 
facilitate single fibre identification similarly as in previous work [18,19, 
23,24]. A 2000 × 2000 pixel detector in binning mode 2 was used with a 
4× magnification lens, leading to a resulting scan volume of approxi-
mately 700 μm by 200 μm in the tape cross-section and 723 μm in the 
tape length direction. A voltage-to-power ratio of 100/9 kV/W and an 
exposure time of 6 s were used for the image acquisition. A represen-
tative cross-section of the two materials is shown in Fig. 1a) and b). The 
measurement was repeated three times in the fibre length direction, and 
the volumes were stitched together to cover a total tape length of about 
1800 μm, of which about 1450 μm have been used for the following 
analysis. The datasets are available at DOI: 10.4121/16437297. 

2.3. Fibre path reconstruction 

The reconstructed volume was processed by Fiji software plugins 
[39]. Linear stack alignment with Scale Invariant Feature Transform 
(SIFT) [40] was used for image registration to correct for sample tilt. The 
workflow for fibre path reconstruction after this step is showcased for 
the case of Tape A in Fig. 2. To correctly distinguish fibres from local 
reconstruction artefacts, fibre segmentation was performed via Train-
able Weka Segmentation [41], a machine-learning-based tool that al-
lows for image classification based on a training set provided by the 
user. Approaches based on automated feature recognition based on 
training sets was also used in recent literature [18,19,25]. A training set 
of three slices was employed with classification in two classes – fibres 
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and not-fibres - which was then applied to the full dataset. The output of 
the segmentation is a probability map, which can then be further pro-
cessed. An example is shown in Fig. 2a), where the locations with a 
higher chance to be associated with fibres are highlighted with a lighter 
colour in the greyscale image. A data reduction scheme was then applied 
by averaging groups of 10 consecutive probability maps (equivalent to 
7.2 μm in the fibre direction) to lower the computational cost of the 
following steps and to increase accuracy by further mitigating the effect 
of segmentation artefacts and noise. 

Image thresholding was then performed, leading to a binarized result 
as in Fig. 2b), followed by fibre path reconstruction via the plugin 
TrackMate [42]. TrackMate is a tool originally designed for cell biology 
to track single entities in time-resolved problems. This approach can be 
adjusted to track fibre centre translation between slices. Since the 
measurement is ‘space resolved’ rather than ‘time resolved’, the result 
will be later interpreted by exchanging the time coordinate with the 
relative axial coordinate along the tape length. The tool employs a 
two-steps approach for fibre track reconstruction: fibre centre identifi-
cation, followed by fibre centre linking. For the first step, a Difference of 
Gaussian filter was used. For the second step, a Linear Motion LAP 
(Linear Assignment Problem) tracker was used. This method is based on 
the use of a Kalman filter for the identification of the most probable 
position of the fibre in consecutive cross-sections. Analogous approaches 
have been already used for similar problems in the composite field [17, 
20] and are quite established in the life sciences environment for particle 
tracking [21,43]. 

A search radius of 10 μm and maximum gap linking distance of 16 
steps (corresponding to about 115 μm) were used. Consistently with the 
data reduction scheme used, the fibre centres determined are spaced of 
7.2 μm in the tape longitudinal direction. 

A map showing the resulting analysed tracks, colour-coded accord-
ing to their average thickness position, is showed in Fig. 2c). The co-
ordinates of fibres which could be followed entirely through a region of 
1450 μm were extracted and imported in MATLAB for further analysis. 
This led to detection of about 80% of the theoretical number of fibres for 
the given material volume. This does not consider fringe fibres at the 

side edges of the tape, which might not be fully imaged, and therefore 
were not fully reconstructed [26]. A portion of the resulting fibre dis-
tribution is shown for Tape A in Fig. 2d). 

3. Microstructural descriptors 

Three parameters are introduced for the analysis of the microstruc-
tural variability of UDCs: differential tortuosity, collective motion, and 
length of neighbourhood. They represent respectively information on 
single fibre trajectory, similarities in fibre paths to identify group mo-
tion, and network interconnectivity within the material, addressing the 
architectural study of the material starting at a single fibre level towards 
an increasingly larger domain in the 3D space. The goal is to assess these 
parameters on the reconstructed fibre paths, understand their variability 
and explore interdependencies between them. 

3.1. Differential tortuosity 

In the context of studying the permeability of fibre bundles, tortu-
osity was used to quantify the deviation of the permeation trajectory 
from a straight path [27]: 

τ =
L
L0

(1)  

where L is the distance covered by the fluid during permeation, and Lo 
the distance as if it was a straight line. By definition, this parameter is 
greater than 1, which corresponds to a perfectly straight fibre. For a 
unidirectional microstructure such as the ones object of study, the value 
of tortuosity is assumed to be close to unity [27]. The downside of this 
definition is that it does not allow to highlight the order of magnitude of 
the variation in local property. 

An alternative definition is introduced in this work as differential 
tortuosity τd as a modification of Equation (1). Differential tortuosity 
represents the difference between the tortuosity of a real fibre and the 
tortuosity of an ideal straight fibre aligned longitudinally with the scan 
volume, and starts from a value of 0. This allows for a more intuitive 

Fig. 1. X-ray computed tomography cross-section of a) Tape A and b) Tape B.  

Fig. 2. Workflow for image analysis 
and fibre path reconstruction, based on 
Tape A a) Image segmentation, con-
ducted with Trainable Weka segmenta-
tion. The scalebar in white indicates a 
distance of 100 μm b) Image binariza-
tion via thresholding c) fibre path 
reconstruction using Trackmate, colour- 
coded according to the average through- 
thickness position of the fibre paths d) 
3D reconstructed fibres for a portion of 
the tape, colour-coded along the tape 
width direction. (For interpretation of 
the references to colour in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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representation of highly aligned fibre populations via its order of 
magnitude, expressed in a logarithmic scale. Differential tortuosity is 
defined as: 

τd = τ − 1 =
L − L0

L0
(2)  

where in this case, L represents the total length of the fibre and L0 is the 
size of the scan volume. 

A schematic is shown in Fig. 3. The total fibre length was measured 
as polygonal conducted through the fibre centre coordinates. For the 
data reduction scheme used, such points occur at an interval of Δz = 7.2 
μm in the fibre length direction. 

3.2. Collective motion 

In the case of UDCs, collective motion equations could be used with 
the objective to study how the fibre architecture develops along their 
axial direction. Local synchronous motion patterns were characterized 
in biology through the collective motion parameter [32]: 

Φ(i, t) =
1
Nr

∑

j∈Cr

vi(t)⋅vj(t)
|vi(t)|

⃒
⃒vj(t)

⃒
⃒

(3)  

where Cr is the circle of radius r surrounding element i at time t, Nr is the 
number of elements j contained in Cr, and vi(t) and vj(t) are local ve-
locities, whose directions are tangent to the trajectory of the respective 
element. By the definition of the dot-product, Equation (3) averages the 
cosine of the relative velocity vector angle between fibres cosθ and is 
therefore sensitive to relative motion directionality. If orientation rather 
than the polarity of motion is relevant, cosθ2 can be used to evaluate 
local order in studies of liquid crystal polymers alignment [32,44]. 

A variation from the literature parameter is introduced in this work 
for the analysis of UDCs in their axial direction to conduct the analysis in 
space along the fibre length rather than in time. The analysis is therefore 
not time-resolved but space-resolved. Moreover, the fibre neighbour-
hood is defined here according to a Voronoi tessellation [34,37]. The 
immediate neighbours according to the tessellation are considered for 
the averaging, consisting of the neighbouring cells which share an edge 
with fibre i. 

This parameter is calculated for each fibre based on its surroundings 
for each 2D slice of the processed volume. The collective motion 
parameter CM for fibre i at the location z along the tape axis is defined 
as: 

CM(i, z,Δz) =
1

NVi

∑

j∈Vi

di(z,Δz)⋅dj(z,Δz)
|di(z,Δz)|

⃒
⃒dj(z,Δz)

⃒
⃒
=

1
NVi

∑

j∈Vi

cosϑij(z,Δz) (4)  

where z is the axial position, Δz is the axial resolution for the 
displacement calculation, Vi is the Voronoi neighbourhood of the 
reference fibre i at position z, NVi is the number of fibres j contained in 
the neighbourhood, di(z, Δz) and dj(z, Δz) are the in-plane displacements 
vectors on the cross-section considered, for the fibre i and its Voronoi 
neighbours, respectively. Since the displacements approximate the 
tangent to the fibre path, smoothing of the fibre trajectories was 

conducted to remove residual noise from the fibre tracking operation 
[38]. This was done in MATLAB via a loess algorithm, which employs a 
weighted quadratic polynomial. A smoothing factor of 0.15 was used, 
which corresponds for these datasets to an interpolation span of about 
220 μm (about 30 slices). This allows to filter out shorter range effects 
and highlight longer range collective mobility. 

A schematic is shown in Fig. 4. The value of CM varies in [-1,1], 
where 1 represents perfectly coherent motion where all fibres move 
parallel and in the same direction, − 1 is the case of counter-streaming 
(fibres moving parallel to each other but in the opposite direction), 
and the intermediate value 0 represents random motion. This parameter 
is local and can be mapped on each tape cross-section. In this case, Δz 
was set to 7.2 μm according to the resolution of the data reduction 
scheme used. The median value of CM along the z axis is calculated for 
each fibre to highlight fibre interactions that last through the entire scan 
volume considered. 

3.3. Length of neighbourhood 

The fibre contacts within the volume have been analysed by looking 
at the level of interconnectivity within the tape, with inspiration to the 
study of bird nests [35] and fibrous scaffolds [45]. The approach follows 
a similar reasoning as the one used by Fast et al. [26] in analysing 
variations in fibre composites. The Voronoi neighbourhood of a fibre is 
in general not constant, but changes due to the movement of the fibres 
through the volume. A schematic is shown in Fig. 5, where the evolution 
of a neighbourhood through space is represented by fibres approaching 
and leaving the vicinity of the reference fibre. The fibre network is 
analysed here by looking at the axial length for which two fibres remain 
in close contact before moving to different neighbourhoods. The median 
distance along the fibre path for which a contact is maintained is defined 
as length of neighbourhood, or LON: 

LON(i) = L̃PN(i, j)jεVci
(5)  

where Vci is the cumulative Voronoi neighbourhood, defined as the 
multitude of individual fibres that enter the vicinity of fibre i at some 
point in space, j is a fibre contained in Vci, and L̃PN(i, j) represents the 
median of the pairwise length of neighbourhood LPN between fibre i and 
each neighbour j. The length of neighbourhood was calculated on the 
same tessellation generated to determine the collective motion. 

4. Results 

4.1. Differential tortuosity 

Differential tortuosity τd was determined as in Equation (2), with its 
value ranging from about 0.0001 to 0.01 for both tapes, spanning across 
three orders of magnitude. Assuming that the order of magnitude of the 
parameter is more representative of differences between fibres 
compared to its small variations, the logarithm of τd was considered for 
further analysis. The parameter distribution for the two tapes is repre-
sented in Fig. 6, highlighting higher differential tortuosity for Tape B 
compared to Tape A, shown by a shift to higher values. As a reference 

Fig. 3. Example of a tortuous fibre trajectory. The fibre is represented with a solid red line of total length L, in a) 3D, b) 2D view, orthogonal to the tape axis. A 
volume of length L0 is shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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benchmark, the corresponding median value of tortuosity related to the 
global fibre misalignment is reported as a dashed line. These misalign-
ment values are computed considering only the extreme sections of the 
scan volume, and therefore perfectly straight fibres: their median values 
amounts to respectively 0.38◦ and 0.58◦ for Tape A and Tape B, corre-
sponding to a logarithm of differential tortuosity of − 4.65 and − 4.29. 

Fig. 7a) and b) represent the projection of all the individual fibre 
paths on a tape cross-section orthogonal to its axis, colour-coded ac-
cording to the correspondent value of τd. 

The parameter varies through the cross-section, with a tendency to 
higher values towards the tape edges. The differential tortuosity was 
evaluated in the thickness direction of the tape, corresponding to the y 
axis in Fig. 7a) and b) to characterize this edge effect in greater detail. A 
bin scatter plot was used to help visualise the distribution of differential 
tortuosity according to the average y position of the fibres. The result is 
shown in Fig. 7c) and d). The global median of the logarithm of τd is 
shown by a vertical dashed line, while the local median for each hori-
zontal bin is shown by a red square. The error bars represent the upper 
and lower quartiles. By comparison of the global median to the local 
median for each y value, different regions can be identified. Where the 
local median at a thickness value is higher than the global median, that 
region was classified as ‘edge’, while if lower, as ‘core’. Tape A shows, in 
this case, a more symmetric edge effect of about 30 μm thickness on both 
sides, while Tape B shows a larger edge effect at the top (about 80 μm) 
and a smaller edge region towards the bottom edge (15 μm). 

4.2. Collective motion 

The contour plot of Fig. 8a) and b) represent the median value of 
collective motion for each fibre, calculated fibre-by-fibre for the full 
length of (1450 μm). The fibre configuration at the beginning of the 
measurement volume was used for the representation. 

As explained in greater detail in Section 3.2, a value of 1 represents 
perfectly parallel motion in the same direction, 0 corresponds to random 
motion, and − 1 to counter-streaming. The results show variations 
through the cross-section, with some regions displaying high levels of 
coherent motion above a value of CM = 0.8, depicted in a lighter colour. 

The variation of CM along the tape thickness is shown in Fig. 8c) and 
d). The global median for the cross-section is shown as a dashed line, 
while the local median for each thickness level is shown by a red square, 
together with the interquartile range. Greater collective behaviour is 
observed at the centre of the tapes compared to the top and bottom 
edges, which resembles the same edge-core architecture observed for 
differential tortuosity in Fig. 7c) and d). By comparison of the global and 
local median, a symmetric edge effect of about 30 μm is observed in Tape 
A. In Tape B, an edge effect at the top of about 80 μm and of about 10 μm 
at the bottom is observed. 

4.3. Length of neighbourhood 

The length of neighbourhood LON was defined as in Equation (5). 
The parameter corresponds to the median axial distance for which a 
contact is maintained. 

Fig. 4. Application of the collective motion param-
eter to a particle in its neighbourhood, for a value of 
a) 1 (synchronous motion) b) 0 (random motion) c) 
− 1 (counter-streaming). The reference fibre centre is 
highlighted in red, and its immediate neighbours in 
blue. The local in-plane displacement vector between 
two slices is shown by an arrow, and the trajectory by 
a dashed line. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   

Fig. 5. Concept representing length of neighbourhood (LON) for a 2D case. The 
neighbourhood of the reference fibre i (in red) varies through space, with fibres 
both approaching and leaving its vicinity. The local neighbourhood is indicated 
in brackets, while the arrows indicate the pairwise length of neighbourhood 
LPN between fibre i and each neighbour. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 6. Histogram of the logarithm of differential tortuosity for the two tapes. 
The dashed lines represent the tortuosity related to the fibres global median 
misalignment. 
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Fig. 7. Projection of the fibre paths on a single cross- 
section orthogonal to the tape axis, colour - coded 
according to the logarithm of differential tortuosity 
(τd), for a) Tape A b) Tape B; bin scatter plot of the 
logarithm of differential tortuosity along the tape 
thickness for c) Tape A d) Tape B. The dashed line 
represents the median value of the logarithm of dif-
ferential tortuosity calculated over the full cross- 
section, which value is noted at the top of each 
graph. For each horizontal bin, the local median is 
represented with red squares. The error bars repre-
sent the interquartile range. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   

Fig. 8. Contour plot of collective motion (CM) for a) 
Tape A, b) Tape B; thickness profile for c) Tape A, d) 
Tape B. The dashed line represents the median 
calculated over the full cross-section, which value is 
noted at the top of each graph. For each horizontal 
bin, the median of the distribution is represented with 
red squares. The error bars represent the upper and 
lower quartile. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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Contour plots for showing the cross-sectional variability of LON can 
be found for Tape A and Tape B, respectively in Fig. 9a) and b). Bin 
scatter plots are used to represent the distribution of the parameters in 
relation to the tape thickness in Fig. 9c) and d). The global median for 
the cross-section is shown as a dashed line, while the local median for 
each thickness level is shown by a red square, together with the inter-
quartile range. A value of LON of 1450 μm, corresponding to the length 
of the full observation volume, indicates that a fibre maintains contact 
with the same neighbours through the entire axial length considered. 
The results show that LON is not constant through the cross-section, and 
that a variation through the tape thickness of LON is present. At the 
upper and lower tape edges, a lower length of neighbourhood is detec-
ted, similarly to the edge-core effect previously seen for differential 
tortuosity and collective motion. In this case, a symmetric edge effect of 
about 25 μm is observed in Tape A, while in Tape B, the top and bottom 
edges are respectively of about 90 μm and of about 10 μm. 

5. Discussion 

The results show that hierarchies in fibre organisation can be found 
in both samples analysed at all levels of observation. Similarly to the 
approach used by Song et al. in studying fibre arrangements in natural 
graded materials by looking at their thickness distribution [34], an 
edge-core effect can be observed for the three parameters. The approach 
might be leveraged to gain insight into the mechanisms of microstruc-
tural formation of tapes and composites. 

5.1. Differential tortuosity 

As shown in Fig. 6, the tortuosity distribution is not related to the 
effect of global fibre misalignment, which is responsible for low tortu-
osity levels. The differences in tortuosity distribution observed in Fig. 7 
by comparing the two tapes might be related to the spreading 

configuration [46]. If mechanical spreader bars were used, typically 
both edges of the tape might encounter the spreader bars contact and 
friction, which is hypothesised to be the cause of the local increase of 
differential tortuosity τd. Impregnation might also play a role in locally 
affecting the microstructure, with varying effects depending on the 
impregnation method used [47,48]. 

The emergence of microstructural variability should be further 
investigated in relation to the control of the manufacturing parameters 
and to the tape geometry. By reducing the tape thickness, it is possible 
that the core region might gradually disappear, and the high tortuosity 
edge effect would prevail through the entire cross-section. This would be 
of particular importance in the study of thin ply composites [2]. 

5.2. Collective motion 

Values of collective motion close to 1 suggest the existence of fibre 
bundles areas with a degree of organisation within the tapes analysed, 
which was not observed before. Note that in Fig. 8, only a few areas 
show counter-streaming, indicating it is not prevalent. 

The collective motion CM defined here is capable to only capture 
synchronised displacement. It is however possible that high tortuosity 
fibres might undergo other types of collective motion patterns which 
could be related, for example, to local bundle rotation, which is here not 
quantified. Further studies should extend the current methodology for a 
greater understanding of the tape spatial organisation. 

5.3. Length of neighbourhood 

In a network composed of perfectly straight and parallel fibres, the 
length of neighbourhood LON should always be equal to the length of 
the scan volume since their neighbours will not change through space. 
Conversely, as shown in Fig. 9, the global median of LON has a value of 
respectively 662 μm and 731 μm for Tape A and Tape B, which 

Fig. 9. Contour plot of length of neighbourhood 
(LON) for a) Tape A, b) Tape B; thickness profile for c) 
Tape A, d) Tape B. The dashed line represents the 
median calculated over the full cross-section, which 
value is noted at the top of each graph. For each 
horizontal bin, the median of the distribution is rep-
resented with red squares. The error bars represent 
the interquartile range. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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corresponds to about half of the length of observation Lo. This means 
that two fibres will generally remain in close contact for about 700 μm 
before moving to different neighbourhoods. 

In both tapes, fibres that have not yet changed neighbourhood can be 
identified in the bin scatter by points located at LON = Lo, in this case 
equal to 1450 μm. Such fibres have been defined as ’invariant fibres’ in 
the work of Fast et al., since their neighbourhood does not vary [26]. 
This is however a feature related to the size of the scan volume. Such 
fibres might change neighbours later on along the tape, and a larger 
length of observation is required to confirm this. 

This concept was further explored by artificially varying the length 
of the scan volume Lo, from a value of 0 to the value of the total length of 
observation of 1450 μm. Fig. 10 shows the variation in the percentage of 
fibres having LON < Lo which therefore have exchanged neighbours at 
least once in the volume, as a function of Lo. For a very small value of Lo, 
the microstructure resembles an ideal unidirectional composite, with 
most fibres remaining in the same neighbourhood through the entire 
length of observation. An increasingly long scan volume is able to start 
capturing the deviations from the ideal model, capturing the variability 
in LON within the material. 

Eventually, all fibres are expected to have exchanged neighbours at 
least once. According to Fig. 10, this seems to occur earlier in Tape A 
compared to Tape B, which can be observed by a shift of the curve to-
wards lower Lo values. This aligns with the ordering of the global median 
values shown in Fig. 9 and might reflect a greater extent of neighbour-
hood variation related to its overall greater differential tortuosity. For 
the maximum scan volume observed of 1450 μm, both tapes reach a 
value of about 97% of fibres which satisfy the condition of LON < Lo, 
indicating that such scan length is sufficient for the given materials to 
extract the full LON distribution. We therefore expect that a further 
increase of the scan volume would not significantly change the trends 
shown for this parameter. 

Such scan volume size might represent a characteristic length of fibre 
association, describing the level of interconnectivity within the material. 
By capturing the periodicity of the fibre association, this approach might 
guide future work in defining the axial dimension of representative 
volume elements (RVE) for more accurate modelling of unidirectional 
composites [49,50]. 

5.4. Interrelation of parameters 

By further studying the parameter interrelation, more information 
can be gathered on the architecture of the material. Due to the similar 

edge-core effect and edge-core thickness observed for both differential 
tortuosity and collective motion, the relationship between the two pa-
rameters was further investigated. 

Fig. 11a) and b) show a bin scatter plot comparing τd and CM. For the 
two tape portions analysed, there is a tendency for regions of lower 
differential tortuosity to move with greater coherence. Conversely, fi-
bres that show high differential tortuosity show a lower tendency to 
coherent motion, which might translate into the presence of lone fibres 
moving independently from their surroundings, as the ’stray fibres’ 
observed in literature at the free surface of UDCs [24]. Such an approach 
has the potential to identify different regimes in the fibre organisation in 
a material, which should be related to the manufacturing or processing 
methods. 

LON was analysed in relation to the logarithm of τd and CM, as shown 
in Fig. 12. In both tapes, fibres that have a lower length of neighbour-
hood tend to move less collectively and have higher differential tortu-
osity. Conversely, a higher LON is associated with a higher tendency to 
collective behaviour and lower differential tortuosity. This agrees with 
the observation that at lower differential tortuosity, fibres might tend to 
have greater alignment and remain close to their original neighbour-
hood. It also seems to indicate that a more coherent fibre association and 
movement through the volume might be associated with a higher length 
of neighbourhood and lower tortuosity. 

The quantification of these descriptors might find application both in 
tape manufacturing, and in the study of microstuctural evolution during 
composite part formation. Microstructural variability can affect decon-
solidation [15], consolidation [51] or microstructural conditioning [4]. 
Ultimately, the proposed methods might contribute towards the devel-
opment of tailored microstructures for specific applications. 

6. Conclusion 

Understanding the three-dimensional variability of unidirectional 
composites is relevant for the development of advanced material 
modelling strategies. In this work, a novel methodology was developed 
for the characterization of continuous unidirectional composites. 3D 
microstructural descriptors were introduced, covering trajectory anal-
ysis (differential tortuosity), group behaviour (collective motion), and 
network connectivity (length of neighbourhood), each representing an 
increasing level of complexity in the fibre architecture. These key de-
scriptors were showcased on real material datasets from two different 
CF/PEEK tapes. 3D scan volumes were acquired via X-ray computed 
tomography, and a facile method for image analysis was used to 
reconstruct the 3D fibrous architecture at a single fibre path resolution. 

Single fibre trajectories are described by a novel definition called 
differential tortuosity, which highlights the deviation of the fibre tra-
jectory from a straight longitudinal path. The group behaviour analysis 
is conducted by the collective motion concept, inspired by animal 
locomotion, that can detect synchronous fibre bundle motion. The fibre 
network connectivity was evaluated by a length of neighbour contact 
definition that relies on the axial distance in which fibres remain in the 
same Voronoi neighbourhood. It was shown that these proposed de-
scriptors enable to highlight micro- and mesoscopic features. Key ob-
servations based on these material sets are as follows. Similar through- 
thickness gradients, in the form of edge-core effects, were observed for 
all three parameters. The study of parameter interdependence was able 
to further describe the architectural arrangement at a single fibre reso-
lution. For both tapes analysed, fibres with higher differential tortuosity, 
therefore greater deviations from the ideal longitudinal direction, show 
both a lower tendency to move collectively and a lower length of 
neighbourhood, indicating a more independent movement from their 
neighbourhood. Conversely, a higher length of neighbourhood is asso-
ciated with a higher tendency to collective behaviour and lower differ-
ential tortuosity. 

Another interesting observation is related to the effect of scanned 
tape length on the evolution of the length of neighbourhood (LON). The 

Fig. 10. Fraction of fibres with a length of neighbourhood LON lower than the 
volume scan size Lo, for varying Lo. 
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maximum value of LON is bound to the size of the scanned volume. By 
increasing the axial size of the scan volume, the change of fibre contacts 
can be increasingly sampled. Given a long enough volume, all fibres will 
have changed neighbours at least once. For the tapes analysed, the axial 
size for which this happens was found to be 1450 μm. Such volume size 
constitutes a characteristic length for a unidirectional material and re-
lates to its level of fibre interconnectivity. This provides both insight on 
the network arrangement and a guideline for future work in the defi-
nition of representative scan volumes. 

The work contributes to bridging a gap in the classical approach and 
nomenclature typical of the composite field to describe and quantify 
complex architectural organization, by successfully employing strate-
gies inspired by other research domains. The novel parameters intro-
duced enable new routes for the description and quantification of 
complex fibre arrangements. This methodology for the analysis of UDCs 
might allow distinguishing different regimes of fibre organisation in 
similar fibre-resin systems and might also be applicable in general to the 
description of the architecture of fibrous material. 

The parameters shown here and their interdependence will provide 
further insight into micro- and mesoscopic effects related to micro-
structure formation of UDCs. Future work will study the influence on the 
microstructure of the choice of manufacturing parameters, such as fibre 
spreading and impregnation, and the propagation of the architectural 
features at various lengthscales. Microstructural evolution during pro-
cessing or loading could also be studied with this approach. The un-
derstanding of the scale of organisation in a material, as through the 
length of neighbourhood, might provide input for advanced modelling 
techniques such as RVE. 
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