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ARTICLE INFO ABSTRACT

Keywords: Short glass fibre injection moulded composites, used in interior and exterior automotive parts, are exposed

CT to complex stress states, for example during a crash. As the fibre scale dominates the composite’s material

F%bre Or?emaﬁon a“alyfis properties, numerical models need to account for the local fibre orientation. In recent years, mould flow

Fibre orientation mapping simulation results have been exploited to predict the fibre orientations for finite element models, albeit with

Structure tensor limited accuracy. Alternatively, X-ray computed tomography can be used to directly image and analyse fibre
orientations. Traditionally, achieving the necessary resolution to image individual fibres restricts the imaging
to small regions of the component. However, this study takes advantage of recent advancements in imaging
and image analysis to overcome this limitation. As a result, it introduces, for the first time, a reliable, fast,
and automated fibre orientation mapping for a full component based on image analysis at the individual fibre
level; even for cases where the pixel size is significantly larger than the fibre diameter. By scanning at lower
resolutions, a drastically larger volume of interest can be achieved. The resulting fibre orientation analysis
and mapping algorithm, based on X-ray computed tomography, is well matched to the level of information
required for automotive crash modelling with a standard element-size of a few millimetres. The entire process,
encompassing image acquisition, image analysis and fibre orientation mapping, can be directly integrated into
an industrial full component application in a matter of hours.

1. Introduction orientation is decisive in determining the anisotropic character of fibre-
reinforced composites, it is crucial to be able to deal with uncertainties

Short fibre-reinforced polymers are widely used in the automotive in fibre orientations in the modelling approach for short fibre injection
industry as they offer high stiffness and strength at low material and ~ moulded parts [5]. Advani and Tucker [6] originally introduced fibre
production cost [1]. Injection moulded short fibre composites are used orientation distribution functions based on flow simulations. With these
for both interior and exterior parts. As the crash requirements for distribution functions and fibre orientation tensors, the homogenised
passenger safety are ever increased [2], short fibre-reinforced polymers mechanical properties of a composite can be computed. In automotive
with improved crash performance must be realised. By intelligently industrial development the fibre orientation is commonly not consid-
designing the manufacture of short fibre-reinforced polymers to tailor ered and pseudo-isotropic material models based on two-dimensional

or three-dimensional random homogenisation used instead. Another
option is to use the outcome of mould flow simulations to estimate
the fibre orientations and map these onto the integration points of the
final finite element mesh [7-10]. This approach eliminates the need
for homogenisation of the pseudo-isotropic material model. However,

the fibre directions it is possible to meet the increased crash safety
requirements while keeping the weight to a minimum.

Due to the injection moulding process, the fibre orientation distri-
bution is anisotropic [3]. The fibres are predominantly oriented along
the flow direction [4], but deviations can easily occur. Since the fibre
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Table 1
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Scanning conditions for the X-ray computed tomography acquisitions on a Thermo Fisher Scientific’s Heliscan Mk2.

Voxel size Sample to source Detector to Pixel depth Exposure time Number Total number of  Accelerating Tube current
distance source distance projections per projections voltage
revolution
[pm] [mm] [mm] [s] [kv] [pA]
20 83 725 16-bit 0.80 1800 4057 80 95
60 97 450 16-bit 0.22 1800 1860 80 95

due to modelling uncertainties [11], e.g., pressure and temperature
progression, and changing manufacturing parameters, e.g., humidity,
mould wear, mould flow simulation results may be inaccurate.

Due to the described issues associated with mould flow-based mod-
elling, imaging can be used to obtain an improved model once there are
parts available. Among numerous imaging techniques, X-ray computed
tomography is rapidly becoming the tool of choice for studying com-
posites [12]. Compared to conventional microscopy, the capability of
X-ray computed tomography (CT) to non-destructively provide three-
dimensional information of the bulk material [13], instead of being
limited to surface observations, makes it attractive for studies both
on the macro and micro-scale [14]. The resolution of X-ray computed
tomography can vary tremendously, ranging from nanometres [15] to
a few hundred micrometres [16]. It also provides real-world imag-
ing data on which to build realistic models — incorporating realistic
aspects of all phases and imperfections instead of synthetically man-
ufactured data. This enables the prediction of material performance
for various material architectures without the need for expensive and
time-intensive testing campaigns [17].

There are two fundamentally different methods for X-ray com-
puted tomography-based fibre orientation analysis [18]. One aims to
detect each fibre and track it through the three-dimensional image
data [19,20] while others use a so-called structure tensor analysis,
which estimates the fibre orientations by gradients in the grey-scale
values [21-24]. Structure tensor methods come with the advantage
that relatively low resolution three-dimensional images still can result
in reliable analyses [25]. Recently, Auenhammer et al. [26] reported
accurate numerical tensile modulus predictions for a textile composite
based on images having voxel-sizes as large as three times the fibre
diameter. The change in scanning data size scales with the resolution
change cubed. Therefore, even small resolution decreases produce more
manageable data-sets or allow for a larger field of view (keeping the
same data size).

Finite element simulations of fibrous composites based on X-ray
computed tomography or mould flow-based fibre orientation analysis
require fibre orientation mapping. Transferring fibre orientation data
from image data to numerical models for structural components is
in particular challenging due to substantial differences from the pm
image scale to the cm component scale. Additionally, finite element
models are typically more restricted in terms of manageable numbers
of element compared to the number of manageable voxels in imaging.
This implies that there is a significantly lower number of elements com-
pared to the number of voxels representing the scanned structure. This
limitation is further exacerbated in case the imaged structure is part of
a full car model. As a result of the restricted number of manageable
elements, finite element models for injection moulded parts in automo-
tive development commonly represent the three-dimensional structure
by two-dimensional shell elements. These shell elements typically have
a coarse element size ranging from 2 to 4 mm. Considering the scale
differences, coarse element size, and two-dimensional representation
of the three-dimensional structure, a strategy is essential to effectively
transfer all relevant information from the fibre orientation analysis to
the final model [27].

The advances in X-ray computed tomography and fibre orienta-
tion analysis have opened new possibilities for incorporating fibre
orientation data into numerical models at the component level. This
study demonstrates the application of an X-ray computed tomography

image-based mapping process to achieve accurate, swift, and auto-
mated transfer of low-resolution image data onto a numerical model
of a car roof frame part. This process is aimed to be directly applicable
to the industrial development process at the component level. While
the goal is not to replace mould flow simulation, this method greatly
enhances the accuracy of numerical models once physical parts become
accessible in the industrial development process.

2. Experimental materials and methods

An injection moulded part reinforced with short glass fibres, as illus-
trated in Fig. 1, is investigated in this study. The sample is scanned with
an X-ray computed tomography lab-based source. The fibre orientations
inside the part are analysed for different resolutions and parameters,
and then mapped on the target shell mesh.

2.1. Material

The investigated sample is taken from a car roof frame. It is made
out of a thermoplastic containing 30% by weight of 20 pm diameter
short glass fibres, with a nominal length of 2mm before processing.
Due to the injection moulding process in combination with the low
fibre weight fraction it can be assumed that the fibre orientation is
inherent to different flow conditions depending mainly on the mould
geometry and process condition. Due to the arrangement of the ingate
system, whose inlet points fall outside the scanned area, the flow within
the scanned part is expected to develop predominately approximately
along z-axis in Fig. 1. Consequently, the orientations of the fibres are
also anticipated to correspond with this flow direction, albeit with local
deviations.

2.2. Scanning

X-ray computed tomography data is acquired on a Thermo Fisher
Scientific’s Heliscan Mk2, which allows for a helical scanning trajectory
to scan tall, high aspect ratio (height to width) samples in a single
acquisition. In helical scanning, height limit for a sample is much less
compared to the width. For regular micro computed tomography, high
aspect ratio samples must be scanned using several single scans which
are stitched together. This is cumbersome and can lead to artefacts as
well as varying scan quality along the height. With helical scanning
image stitching is circumvented. The sample is scanned at two different
resolutions, at voxel-sizes of 20 pm and 60 pm. The scanning conditions
are listed in Table 1. Two sub-volumes are scanned at a voxel-size of
20 pm. One region is defined around a screwing dome, Dome Scan, and
the region around supporting ribs is denoted Rib Scan (Fig. 1). It is
not feasible to scan the entire part at a voxel-size of 20 um, as the data
size would become too large to handle with a size of approximately
100 GB. In Table 2, the data sizes of the five different volume scans
are compared. It has to be kept in mind that, a three times increase in
voxel-size leads to a 27-times reduction in data size. The scanning time
for the full component at a voxel-size of 60 pm has been approximately
1.5 h. The Rib Scan and Dome Scan, scanned at a voxel-size of 20 um,
have been acquired in approximately 15 and 13 h, respectively.

In the sub-volume Dome Scan, three cross-sectional slices, and in
the sub-volume Rib Scan, six slices are defined for representative com-
parisons. In Fig. 2, one slice per sub-volume scan is presented as a
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Fig. 1. (a) Target finite element model with mostly quadrilateral two-dimensional shell elements with an average length of approximately 2.7mm and a thickness of 2.5mm
visualised in the computer aided engineering (CAE) pre-processor ANSA. Spatially one shell element therefore covers approximately 84,000 voxels for a voxel-size of 60 pm. (b) In
total three scans are carried out. The full part is scanned with a voxel-size of 60 pm (red box), while the regions around the ribs and the dome are scanned with voxel-sizes of
20 pm (orange boxes). The scans are volume rendered in Thermo Fisher’s software package Avizo. (c) Thereby, the two sub-volume scans are available both in voxel-sizes of 20 pm
and 60 pm. The left scan is denoted Rib Scan, whereas the right scan is denoted Dome Scan. For a more detailed analysis in total nine cross-sectional slices through the scans are
defined. The cross-sectional slices are analysed further in the Results chapter. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 2

Scanning time, scanned volume and chosen voxel-size. Note that in total five data-sets
are available even though only three scans have been acquired. The Dome Scan and Rib
Scan are cropped from the Full Scan. Therefore, Dome Scan and Rib Scan are available
at both voxel-sizes which leads to different data sizes.

Dome Scan Rib Scan Full Scan
Scanning time [h] 13 15 1.5
Scanned volume [mm?] 30.5x42 % 16.6 254 %554%x75.8 28.7 % 67.4 x 204
Scanned voxel-size [pm] 20 20 60
Data size [GB] 5.2 34.2 -
Data size [GB] 0.19 1.3 3.5

grey-scale image for both voxel-sizes. The individual fibres cannot be
distinguished in either of the scans, but as it has previously been
proven, the overall orientations of glass fibres can accurately be cap-
tured using voxel-sizes around 20pm [25,26]. The thin lines at the
outer surface of the sample, that are visible in all slices, stem from

the sample’s lamination for a nice appearance in the car, and are not
considered further in this study.

2.3. Fibre orientation analysis

The fibre orientation analysis is made using the structure tensor
code developed by Jeppesen et al. [23,24]. Its robustness, speed and ac-
curacy have been demonstrated in other studies [18,26]. In particular,
it allows scans at low resolutions based on a voxel-size of 60 pm. The
structure tensor § is calculated as gradient of the greyscale intensity
VV in a certain area around each voxel (Eq. (1)). For the computation
of the gradient and the integration around the regarded point Gaussian
kernels are used (Eq. (2)).

S = Z vV (V). @

S = K,(VV,(VV,)") (2)

The standard deviations of those two Gaussian kernels, g, and
pst, are the only two parameters required for this method. The noise
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Fig. 2. Representative comparison of the grey-scale Slice 1 in xy-plane in the Dome Scan for a voxel-size of 20 pm (a) and 60 um (b); and Slice 7 in xy-plane in the Rib Scan for a
voxel-size of 20 pm (c) and 60 pm (d). The thin white lines are part of the lamination of the part for a nicer appearance in the car and are not further considered in this study.

scale parameter oy, determines the gradient calculation via a first-
order derivative of the Gaussian kernel. It should be chosen to be
large enough to remove high-frequency image noise, but small enough
to account for local fibre orientation gradients. The integration scale
parameter pg; determines the standard deviation of the Gaussian Ker-
nel for integrating the local orientations in the neighbourhood of the
considered integration point. Even though, there are only two param-
eters, they need to be chosen carefully. Despite the high quality of
the image data, a voxel-size of 60 pm is at the limit of what can
currently be analysed to obtain a meaningful result. Multiple parameter
combinations are tested and compared, for different resolutions and at
different locations. In the end it is decided to use og; = 0.625 and
pst = 2.5 for the scans with a voxel-size of 20 pm, whereas the scan
with a voxel-size of 60 pm is analysed with og; = 0.5 and pg; = 1.75.
The influence of these parameter selections is discussed in the Results
section.

The eigenvector of the second-order structure tensor S correspond-
ing to the lowest eigenvalue is interpreted as dominant fibre orientation
p. This dominant fibre orientation is not to be confused with an
orientation vector for a single fibre. Despite the structure tensor §
containing information about the anisotropy in fibre orientation within
each voxel, we henceforth solely rely on the dominant fibre orientation
vector p for all following computations and analyses. It should be
noted that this vector still contains the inherent orientation informa-
tion of multiple fibres. This is a consequence of the characteristics of
the structure tensor method, which consistently integrates orientation
information from neighbouring voxels. This aspect becomes especially
relevant due to the large voxel-size of 60 pm. For a voxel-size this large,
roughly three times the diameter of a single fibre, the dominant fibre
orientation vector will inevitably represent a homogenised orientation,
representing orientation information from multiple fibres.

In this study, the investigation of the image analysis is conducted
on the voxel scale. Typically, a distribution of fibre orientations is rep-
resented as fibre orientation tensors [6]. However, in this context, only
the dominant fibre orientation vector at the voxel scale is available, and
it is expressed as a unit vector (Eq. (3)) in Cartesian coordinates [28],
where ¢ represents the in-plane angle between x-axis and the xy-
projection of the unit vector, also denoted azimuth, and 6 the angle

Fig. 3. The fibre orientation can be expressed as a unit vector (Eq. (3)) in Cartesian
coordinates, where ¢ represents the in-plane angle between x-axis and the xy-projection
of the unit vector, also denoted azimuth, and 6 the angle between the z-axis and the
unit vector, also denoted zenith.

between z-axis and the unit vector, also denoted zenith (see Fig. 3).

pi|  [eososin)
pi =1P2 =4 sin(p)sin(6) (3)
D3 cos(0)

As the fibres are expected to be oriented predominantly along the
flow direction, which approximately coincides with the z-direction of
the image coordinate system, the absolute value of p; is taken (Eq. (4)).
This limits the angle range to [0°,90°] and is thereby a clear indicator
for fibre misalignments.
0 = arccos(|ps])

4

The azimuth angle ¢ is referred to as the in-plane xy angle and is
computed according to Eq. (5). Due to the tangent the angle is defined
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Fig. 4. The grey crosses represent the computed integration point coordinates. Quadrilateral elements have four integration points per element, while triangular elements have

only one. In total, there are five integration point layers per element.

within [-90°,90°].
@ = arctan ) 5)
P
The fibre orientation angles are only computed for visualisation,
following the procedure suggested by Jeppesen et al. [24]. The fi-
nal mapping output is computed based on a computation of fibre
orientation tensors.

2.4. Mapping

Due to the different scales with small fibres and large element sizes,
not all information from the image data can be transferred to the
numerical model. Thus, in the mapping process information will be lost.
The key is to lose as little relevant information as possible.

In the described mapping process only the Full Scan with a voxel-size
of 60 pm is used. In the presented simulations, the target mesh primarily
consists of quadrilateral two-dimensional shell elements with an aver-
age length of approximately 2.7 mm and a thickness of 2.5 mm. Spatially
one shell element therefore covers approximately 84,000 voxels for a
voxel-size of 60 pum. The quadrilateral shell elements are set up with
2 x 2 Gaussian integration points at the mid-plane and four additional
through-thickness layers resulting in twenty integration points per ele-
ment. Each integration point thereby spatially represents approximately
4200 voxels. Consequently, an accurate and computationally efficient
way must be found to express the orientation of 4,200 voxels in one
orientation tensor with six independent components. Additionally, the
two-dimensional target shell mesh must be placed exactly on the mid-
plane of the three-dimensional image data of the scanned part. There
is currently no automated process to carry out this task. Therefore,
manual translations and rotations are necessary until a sufficient match
is achieved.

For the mapping process, a Python script is developed. It is based
on the script described in [29]. Firstly, the translated and rotated
target mesh in LS-Dyna format is read-in. Based on the mesh data
node/element arrays are created. For each of the elements, an ele-
ment normal is computed. As the quadrilateral elements are usually
warped, this computation is not straightforward. Details on how the
element normal is calculated can be found in the LS-Dyna keyword
manual [30]. Additionally, for each element, the mid-plane Gaussian
integration point coordinates are calculated with the element’s shape
functions. With the element normals, the integration point coordinates
in the four other layers through the thickness are computed. Those
integration points are placed at certain distances from the mid-plane,
expressed as factors normalised by half of the shell element thickness
[+£0.906; +0.538]. In Fig. 4 the integration points for one region of the
model are depicted. For the majority of the elements three through-
thickness layers with integration points can be seen, the other two
layers are hidden behind the shell elements. Finally, the orientation
mapping takes place. In a certain domain around each integration
point, the estimated material orientation from the image analysis is

homogenised. Computing the average of fibre orientations is a non-
trivial operation. Per fibre orientation there are two fibre orientation
vectors possible p = —p. Therefore, computing the mean of fibre
orientation vectors is not constructive; two fibre vectors with the same
direction but different sign would cancel each other. The sign issue
can be taken care of by computing the square of p. The best vector
multiplication for this purpose is the dyadic product (Eq. (6)).

P1P1 P1P2 P1P3
Pi(@.0)p;(0,0) = | papy Pap2 P2Ps ©
P3Py P3Py P3P3

In combination with a fibre orientation probability distribution
function ¥ (p) a so-called second-order orientation tensor (Eq. (7)), first
proposed by Advani and Tucker [6], can be computed.

Ay = }I{ pip;¥(p)dp, )

With a finite amount of fibre orientation vectors, one per voxel
in this study, the orientation tensor can be calculated as the mean
sum the dyadic product (Eq. (8)). In the context of this study, it is
important to note that N represents the number of voxels. Each voxel is
associated with a dominant fibre orientation vector p, where this vector
represents the orientation of multiple fibres. Consequently, Eq. (8) can
be understood as an averaging for all fibre orientations within a certain
domain.

N
Aij = <Pil7j> = % Z(P,‘Pj)k 8)
k=1

In order to investigate the influence of the homogenisation domain
the fibre orientation tensors are computed for five different areas,
whereas one of them only considers one voxel. The other four cases
average the fibre orientations of 27, 125, 729 and 3375 voxels, respec-
tively, around each integration point. For each integration point the
orientation tensors are stored in a binary file that can be directly read-in
in an LS-Dyna simulation.

3. Results

Different scans are studied here. For the sub-volumes Dome Scan and
Rib Scan, the fibre orientation distributions are analysed. Additionally,
for the sub-volumes Dome Scan and Rib Scan several cross-sectional
slices are defined to compare the local accuracy within a cross-sectional
slice for the different resolutions. For the Rib Scan, the influence of
the structure tensor parameters is examined. For the Full Scan, the
fibre orientations and the mapping process are analysed. The fibre
orientation distributions are compared using histograms showing the
in-plane xy angle ¢ and the z-off axis angle 6 for the two voxel-sizes
20 pm and 60 pm.
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Fig. 5. Histograms of the in-plane xy (azimuthal) angle ¢ (a) and z-off axis (zenith) angle 6 (b) for the Dome Scan for the two voxel-sizes 20 pm and 60 pm. The solid lines represent
Gaussian Kernel density estimations. The voxel counts are normalised for better comparison.
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60 pm. The solid lines represent Gaussian Kernel density estimations. The voxel counts are normalised for better comparison.

3.1. Dome Scan

For the full sub-volume of the Dome Scan the in-plane xy angle ¢
and z-off axis angle # histograms are depicted in Fig. 5 for both voxel-
sizes 20 and 60 pm. Overall the angles for the two resolutions match
well. Given that a substantial portion of voxels within this scan depict
the dome area where fibres are predominantly oriented circumferen-
tially, the z-off axis angle 6 histogram does not exhibit a pronounced
orientation along the z-axis. For the in-plane xy (azimuthal) angle ¢,
the two significant peaks at approximately +80° are overestimated in
the low-resolution scan. In contrast, for the z-off axis (zenith) angle 6,
the peaks at approximately 10° and 90° are underestimated.

However, a favourable match in the histograms for the sub-volume
does not provide an absolute confirmation that the distributions of fibre
orientations, primarily influenced by factors such as mould geometry
and process conditions under different flow conditions, align perfectly.
It is conceivable that a histogram may occasionally exhibit a satis-
factory match purely by chance, despite underlying fibre orientation
distribution disparities. Hence, the comparison of the fibre orienta-
tions for both voxel-sizes is extended to local cross-sectional slices
with histograms and plots exhibiting the fibre orientation per voxel.
This not only provides additional validation for the accuracy of the
fibre orientation analysis but also facilitates the examination of factors
contributing to both underestimation and overestimation through these
local cross-sectional slices. The in-plane xy angle ¢ is captured well
in Slice 1 and 2, which include the dome itself (Fig. 6a). In Slice 3,
which lies outside the dome, the overestimation of the peaks at +80°
for the voxel-size of 60 pm is more distinct. For the z-off axis angle 6,

a similar picture is obtained. The histograms for Slice 1 and 2 show
a good match, while the peak at approximately 10° is underestimated
using a voxel-size of 60um (Fig. 6b). These results can be explored
using the plots presented in Fig. 7. One notable feature that becomes
apparent is the presence of a clearly distinguishable off-axis mid-layer.
This mid-layer, commonly referred to as the core layer in literature, is
formed as a result of the injection moulding process [31]. In the case of
short fibre injection moulded parts, three distinct regimes are typically
observed: the aforementioned core layer, the shell layer predominantly
oriented along the flow direction, and a thin skin layer formed due to
thermal shock resulting from colder mould walls [32]. Among these
three layers, the shell layer is the thickest, while the skin layer is the
thinnest. In the studied sample the skin layer is not very pronounced,
and can be hardly resolved in the low-resolution scans. Inside the dome,
the orientations match very well. As they represent a significant part of
the scan, the angles match also well in the histogram. However, in the
bulk part of the material outside the core layer, there are some off-axis
fibres identified. These small domains are amplified in the scan with
60 pm. This leads to a shift from close to zero angles to larger angles and
an underestimation of the peaks at approximately 10° in the histograms.

In general, it can be observed that for the Dome Scan the orientations
for both voxel-sizes match well. However, the obstacle for the mould
flow created by the dome leads to a less uniform fibre orientation
distribution. This non-uniform fibre orientation distribution is more
challenging for the low-resolution scan to capture.
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3.2. Rib Scan

Overall, the orientation distributions in the Rib Scans match well
for the two different voxel-sizes. The match between low and high-
resolution scans is even improved compared to the Dome Scan. The
low-resolution scan overestimates the peaks of the in-plane xy angle
¢ at approximately +80° (Fig. 8a). For the z-off axis angle 6, the peak
at approximately 10° is only slightly underestimated (Fig. 8b).

Also, for the more local analysis of the single cross-sectional Slices
4-9 the outcome is similar. The low-resolution scan overestimates the
peaks in the in-plane xy angle ¢ histograms (Fig. 9a,c), while the peak
in the z-off axis angle 6 is slightly underestimated (Fig. 9 b,d).

The z-off axis angle 6 colour-mapped onto the original grey-scale im-
ages shows a very good match for the two different voxel-sizes (Fig. 10).
Here, the fibre orientations are more uniform compared to those in the
Dome Scan. Therefore, the match between the two different voxel-sizes
is also better. Furthermore, Fig. 10 illustrates a discernible spatial tilt of
the component from right to left. Consequently, the predominant flow
direction, which primarily follows the component, deviates somewhat

from alignment with the image z-axis. This discrepancy serves as the
primary explanation for the subtle displacement of the peak in the z-
off axis angle 0 histogram, which is shifted to around 5-10°. Moreover,
even in cases involving highly aligned fibres, such as in [33], there is
an notable shift of the peak in the z-off axis angle 6 histogram by 1-2°.

An additional effect associated with low-resolution scans becomes
apparent in Fig. 9, 10. To induce the appearance of minor misalignment
spots or even noise in the low-resolution scan, it is essential that these
imperfections are depicted by a pixel area nine times larger in the low-
resolution scan compared to the high-resolution scan. Consequently,
smaller areas of misalignment become magnified in the low-resolution
scans. This effect also clarifies the reason behind the overestimation of
peaks in the histograms for the in-plane xy angle ¢, while concurrently
underestimating the peak in the z-off axis angle ¢ histogram.

Given the overall stochastic nature of the in-plane xy angle ¢
distribution, the two minor peaks, signifying fibre misalignment, are
intensified. Conversely, for the z-axis off angle ¢, the distribution is
relatively consistent along the z-axis. As a result, deviations from the
central axis are accentuated, leading to an underestimation of the
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Fig. 10. Comparison of the z-off axis (zenith) angle # mapped onto the original grey-scale images for Slice 4-6 in the Rib Scan for the two voxel-sizes 20 pm and 60 pm.

peak at approximately 5-10°. The adjustment of the structure tensor
parameters can mitigate this effect, which is discussed in greater detail
in the subsequent section.

3.3. Structure tensor parameters

The influence of the structure tensor parameters cg; and pgp is
visualised for Slice 4 in the Rib Scan with a voxel-size of 60pm in
Figs. 11 and 12. The low resolution introduces noise. With the noise
scale parameter o g, this effect can be minimised. However, both a too
small (Fig. 11a,b) and too high c¢; (Fig. 11e,f) values fail to remove
this noise.

Similarly the effect of the integration scale parameter pg; is anal-
ysed. If the integration domain, represented by the integration scale
parameter pgr, is too small, the orientations become completely ran-
dom, and only local noise is recorded (Fig. 12a,b). When a sufficiently
large integration scale parameter is chosen, the effect of noise is re-
duced. However, if pg; is chosen too large, any off-axis orientations
will be suppressed (Fig. 12i,j).

Based on the outcome of this parameter study, cg; = 0.5 and
pst = 1.75 are chosen. This choice offers a good compromise between
noise reduction and capture of local fibre misalignments. For the case
illustrated in Fig. 12, a larger pgr provides a better match with the
high-resolution scan results. However, as presented in the Dome Scan
analysis there are issues with the given choice of the structure ten-
sor parameter pair capturing the local fibre orientations in the more
non-uniformly distributed areas.

3.4. Mapping

In Fig. 13 the three a;; components of the second-order orientation
tensor (Eq. (8)) are compared for the entire image data-set (voxel-
size 60pm) and the voxels that spatially encompass an integration
point. Notably, no homogenisation has been applied in this instance.

Consequently, only the orientation information from the voxel con-
taining the target integration point is considered for the comparison.
It is worth noting that there are approximately 210 million voxels,
each carrying a dominant fibre orientation vector, available for the
mapping process. In contrast, there are only approximately 43 thousand
target integration points. Despite the substantial difference of a factor
of approximately 4800 between the number of voxels and the target
integration points, it is worth noting a meaningful correspondence
between the fibre orientation distribution in the original image data
and that within the voxels containing an integration point. While this
alignment could be attributed to pure randomness, it is more plausible
that it stems from the presence of larger regions within the scanned
specimen showcasing a consistent fibre orientation distribution. Ad-
ditionally, the placement of five integration points across the wall
thickness contributes to capturing diverse orientations, including those
of the core layer. Moreover, it is crucial to acknowledge that even initial
factors, such as the substantial voxel size and inherent aspects of the
structure tensor analysis, introduce a form of homogenisation.

The influence of the homogenisation area in the mapping process is
studied in Fig. 14. Here, the three a;; components of the second-order
orientation tensor of mapped orientations are compared for different
homogenisation areas. For this purpose for each integration point the
mean of the fibre orientations of 27, 125, 729 and 3375 voxels, respec-
tively, is computed. Naturally, during the mapping and homogenisation
information is lost. On the basis of up to several thousand dominant
fibre orientation vectors only one second-order orientation tensor per
integration point can be mapped. From Fig. 14 it becomes evident
that the size of the homogenisation area has a substantial influence
on the orientation tensors. With larger homogenisation areas the fibre
orientation along z-axis, represented by component a;;, becomes less
prominent. In general, selecting a larger homogenisation area incor-
porates more information. However, opting for an excessively large
homogenisation area runs the risk of suppressing local deviations.
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The final selection of the homogenisation area size depends on
the particular modelling goal. In applications such as predicting com-
pressive strength [33], where even a small number of misaligned
fibres can lead to failure, choosing a homogenisation area that is
too large might yield a mean value incapable of accurately predict-
ing failure. Conversely, in predicting tensile modulus, wherein all
fibres contribute significantly, it becomes essential to utilise larger
homogenisation areas.

In Fig. 15 the outcome of the fibre orientation mapping is visualised
in the computer aided engineering (CAE) pre-processor ANSA. For the
depicted mapping result no homogenisation has been applied. For the
majority of the elements only three through-thickness layers are shown.
The remaining two lie hidden behind the shell elements. Overall, the
fibres are oriented along the z-axis in areas where the mould flow has
developed nearly undisturbed. The small clip housing in the lower left
corner (Fig. 1a), the dome and the ribs act as obstacles, that disturb
the mould flow and by that the fibre orientation. Additionally, it can
be noted that there is a significant difference between the individual
layers. These observation can be also seen in the slices through the
sub-volume scans (Figs. 7 and 10).

4. Discussion

Typically, micro X-ray computed tomography scans of fibrous com-
posites are conducted to analyse the micro-structure at the individual

fibre level. This level of analysis provides valuable insights into the
composite’s characteristics. However, a high resolution (a fine pixel
size) is necessary for such scans. Although there are no technical
limitations preventing the acquisition of high-resolution scans, the field
of view is significantly restricted (a few millimetres in such a case).

In the context of this study, the objective has been to perform a
complete component scan and analysis, rather than focusing solely on
the micro-structure at the fibre level. Therefore, this study aims to
bridge the gap between two significantly different length scales. On
one side, there are the glass fibres that, according to state-of-the-art
approaches, require voxel-sizes smaller than half the fibre diameter for
proper imaging resolution. On the other side, there is the structural
part, 20 cm in length, with a given coarse mesh with an average element
length of 2.7 mm.

In case a state-of-the-art approach with a resolution of approxi-
mately 10pm in voxel-size as for example in [17] had been chosen,
the resulting three-dimensional image data-set would have consisted
of a staggering 45 billion voxels. This data-set would have then needed
to be mapped onto the 43,180 target integration points, resulting in
approximately 1,000,000 voxels per integration point. However, it has
been shown that we can exploit the structure tensor method and apply
much lower resolutions. By employing lower resolutions, the number
of required voxels is reduced to approximately 210 million, resulting
in a factor of 4800 instead of 1,000,000 voxels per integration point.
This significant reduction in voxel count greatly improves both data
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acquisition and computational costs, making studies of this nature
feasible.

Although the fibre orientation distributions obtained from the scans
with resolutions of 20 pm and 60 pm show good agreement, it is im-
portant to note that this study is pushing the resolution limits for
accurately processing the orientation of glass fibres using existing fibre
orientation analysis codes. The lower resolution chosen in this study
is a compromise. While it allows for feasibility in terms of processing

and computational requirements, it also results in a loss of accuracy
compared to high-resolution scans.

However, in any case, either for low or high-resolution scans, infor-
mation will be lost during the mapping process as the fidelity level of
the finite element model is significantly lower than the fidelity of the
image data. In other words; detailed information from high-resolution
scans cannot be represented in the final model in any case. Therefore,
to achieve a successful transfer of information from the image data-set
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article.)

to the final model, a holistic approach is crucial. This entails ensuring
alignment and coherence among various factors, including imaging
techniques, structure tensor parameters (cg; and pgy), and mapping
homogenisation parameters.

A final conclusion or recommendation cannot be stated here, as
the homogenisation area also needs to be chosen with respect to the
material model and the overall modelling goal. Those latter two aspects
are not part of this study and hence it remains for further research to
investigate those aspects.

With low-resolution scans, noise is introduced in the three-
dimensional image data. For the structure tensor method, it becomes
challenging to differentiate between actual noise and diverging local
fibre orientations. With an appropriate choice of the structure tensor
parameters, this effect can be reduced, but never eliminated. Addition-
ally, no special low-resolution image reconstruction algorithm has been
used. It remains for further work to investigate the influence of the
reconstruction algorithm.

Overall, the presented choice of both the structure tensor parame-
ters and the mapping homogenisation, are considered to be the most
suitable compromise for this case. However, it has been shown that
in areas with higher fibre orientation gradients, the structure tensor
parameters ogr and pgp should be smaller, while in regions, where
the flow can develop undisturbed, the parameters can be selected to
be larger. Locally different parameters depending on the fibre gradient
can be implemented in future work.
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In the presented workflow, three instances of fibre orientation con-
solidations occur. The first occurs during the scanning process due to
its inherent low resolution, resulting in a grey-scale intensity at the de-
tector that already represents smoothed fibre orientations. The second
homogenisation takes place during the structure tensor analysis, where
also neighbouring voxels influence the dominant fibre orientation in
the regarded voxel. Lastly, the fibre orientations are averaged during
the mapping phase, where fibre orientation tensors are utilised.

The mapping process has also been compared with the commercial
software Digimat [34], but the process in Digimat remains opaque.
On the other hand, the developed method provides an elegant and
efficient solution for complete control over the mapping process. This
is advantageous because it ensures alignment between the structure
tensor parameters and the mapping parameters. If the structure tensor
analysis covers a larger integration area, the mapping homogenisa-
tion domain should be smaller, as both steps involve homogenisation.
Initially, orientations within the three-dimensional image data are ho-
mogenised, subsequently, those homogenised orientations are further
homogenised for each integration point. If the homogenisation regions
are too large, the mean orientations of the entire part may become
smeared. However, if the regions are too small, noise from the image
data may be introduced into the final model.

Injection moulding is a complex process and depends on mani-
fold parameters. However, mould flow simulations are widely used
and can deliver accurate process predictions. Nonetheless, due to the
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Fig. 15. Mapped fibre orientations onto the two-dimensional shell mesh with five integration point layers over the thickness visualised in the computer aided engineering (CAE)
pre-processor ANSA. No fibre orientation homogenisation has been used in this case, e.g., only the fibre orientation of the voxel the target integration point lies in has been
mapped. The orange lines represent the mean fibre orientation per integration point layer. Note, this is only for visualisation. In fact, the mapping algorithm assigns an individual
fibre orientation to each integration point. In the case of quadrilateral elements, twenty individual orientations are assigned (five through-thickness layers with four integration
points each). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

complexity of the mould flow process the simulated fibre orientations
risk to be inaccurate. Here, the enormous possibilities of modern X-
ray computed tomography in combination with accurate image analysis
and fibre orientation mapping are demonstrated. Nevertheless, imaging
cannot replace mould flow simulations, as there must be a physical
part available to scan. In the long-term both methods will complement
each other. The accuracy of mould flow simulations can be improved
by large field-of-view image analyses. At the same time, the definition
of the structure tensor and mapping homogenisation parameters can
be improved based on mould flow fibre orientation results. However,
also this aspect remains for further research. In the end it will lead to
virtual parts with higher maturity in the initial development phases,
and improved crash models once physical prototypes are available.

While a primary objective of this study is to establish an initial
framework for seamlessly integrating X-ray computed tomography-
based fibre orientation mapping into an automotive crash model, the
knowledge gained and methodologies developed possess the capacity
to be effortlessly applied to a diverse range of other low-resolution
image-based numerical models. Nonetheless, a cautious approach is im-
perative during the final integration process. Despite the demonstrated
accuracy and robustness, the incorporated mapped fibre orientations
contain inherent uncertainties. Those uncertainties should be duly ac-
knowledged in the final model. Therefore, it is advisable to formulate
a material model that accounts for those uncertainties.

5. Conclusions

This study exploits the current progress in imaging and image
analysis to introduce for the first time an accurate, swift, and automated
fibre orientation mapping based on low-resolution X-ray computed
tomography data for a full component. An injection moulded glass
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fibre-reinforced thermoplastic containing 20 pm diameter fibres is stud-
ied by way of an example. Despite the low resolution of 60pm in
voxel-size the applied robust structure tensor image analysis method
accurately captures the fibre orientation distribution. While this res-
olution fails to capture the orientation of every fibre, the approach is
commensurate with the resolution that numerical models of composites
in industrial applications can efficiently handle from a computation
viewpoint. The developed mapping algorithm successfully transfers the
high-fidelity image information comprising approximately 210 million
voxels onto a numerical model with approximately 43 thousand inte-
gration points. The entire image analysis and mapping process for the
studied sample with a length of 20 cm takes approximately 10 min on
a standard personal computer.
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