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A B S T R A C T

X-ray computed tomography (CT) analysis is used to measure the heterogeneous fiber orientation fields in a
20 cm3 composite bracket made from prepreg platelet-based molding compound (PPMC). The as-molded me-
sostructure of the complete geometry is captured using material density gradients in 50 µm resolution CT scans
without the need to resolve individual fibers. Fiber collimation and physical density gradients within intact
platelets of this material system facilitates nondestructive assessment of average local fiber orientation at the
component scale. Microscopy-based validation of the local orientation measurements indicate the accuracy that
can be attained utilizing the density-based structure tensor CT analysis method. Local orientation field mea-
surements for the complete geometry can be mapped into a “digital twin” model, for purposes such as experi-
mental performance simulation and validation of molding process orientation state predictions. Composite de-
signers, analysts, and material suppliers can employ this methodology to more confidently utilize PPMCs and
morphologically similar composite material systems.

1. Introduction

Prepreg platelet molding compound (PPMC) material systems fill a
niche between high volume, low performance short fiber reinforced
injection molded materials and continuous fiber reinforced materials
[1]. Platelets can be cut directly from continuous woven materials,
unidirectional tape or continuous fiber tows [2,3]. The present work
focuses on carbon fiber reinforced thermoplastic platelets cut from
prepreg, unidirectional tape where aligned fibers of high volume frac-
tion are inherited from the parent material, enhancing mechanical
performance over short fiber systems. Platelets may be part of a highly
ordered system [4] or, more commonly, deposited with an uncontrolled
orientation state to form a stochastic morphology [5] as with the geo-
metry presented.

The discontinuous nature of the free platelets in the PPMC assembly
allows deformation and flow to fill complex geometries not readily
achievable with continuous fiber composites. Final orientation state is a
function of both initial orientation state and induced orientation
changes due to material deformation during molding. Just as orienta-
tion state is critical to determine mechanical behavior of traditional
laminated composites, determining the platelet orientation field is

necessary to characterize anisotropic mechanical behavior in PPMC
material systems.

Microscopy is commonly used to accurately, but destructively, de-
termine the microstructural and mesostructural details within fiber-
based composite material systems [6]. Inspection of high magnification
micrographs can clearly show individual fibers [7], tows [8–10], voids
[11], damage [12,13], and other microstructural details. For cylindrical
fibers, orientation can be determined from exposed elliptical cross-
sections. There are few methods as accessible and accurate as micro-
scopy for characterizing the microstructure of composite materials, but
the method is destructive and inspected regions are typically small
when compared to part geometry.

Micrometer scale computed tomography, or micro CT, can be an
accurate method for nondestructive inspection of small material vo-
lumes to show details of fibers, tows [8,14,15], voids [16–18], and
damage [19,20] in both long and short fiber composites. Micro- or
nanometer scan resolutions allow individual fibers to be distinguished
for short fiber [21,22], uncontrolled long fiber [23,24] and laminated
material systems [25–29]. With clearly discernable fibers or tows,
commercially available software such as Volume Graphics VGStudio
MAX can be used to determine fiber orientation [22,30,31] and for
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porosity segmentation analysis [17] of the CT volume. However, as
sample size increases, the CT resolution decreases, thereby making it
difficult or impossible to discern fiber-scale details. Procedures exist to
manipulate the scanning setup and reconstruction software to allow for
larger scan volumes while retaining mesoscale resolution required for
extension of the methodology in this work [32,33], but a traditional CT
scan is used for the presented results.

The individual tools required to facilitate large scale CT fiber or-
ientation analysis have been available previously, but have not been
combined for the scale and material system in this work. In fact, the
scan resolution of the 100×100×25mm “T-Shapes” in the work of
Leblanc [34] is appropriate for this method and the image analysis
methodology of Krause [35] is very similar to this work, but was ap-
plied at the fiber scale. Han performed a workflow similar to this paper
using VGStudio MAX orientation analysis as the baseline for validation
of Moldflow simulation with a similar material system, but did not
validate the CT-based orientations with microscopy-based orientation
measurements [36,37].

While micro CT and microscopy provide excellent local fiber or-
ientation measurement for detailed inspection and validation purposes,
local microstructure in PPMCs should not be extrapolated to represent
the microstructure throughout such a morphologically heterogeneous
material system. A methodology is presented to utilize mesoscale 50 µm
resolution CT scans of complete 19 cm3 specimens with an under-
standing that the compression-molded geometry inspected has a me-
sostructure of platelets consisting of locally aligned fibers. This me-
sostructure enables the connection of the in-situ platelet density state
and orientation fields. Nondestructively obtaining orientation state data
at a resolution that is both sufficient and useful for part-scale analysis is
an improvement over other laborious and spatially limited microscopic
analysis methods.

2. Experimental materials and methods

2.1. Compression molding uncontrolled platelet charges

The parent material of the platelet system investigated is a com-
mercially available, pre-impregnated unidirectional tape containing
50–60% carbon fiber by volume and a thermoplastic matrix. This tape
is cut to 12.7 mm lengths and slit to various widths as desired. The
platelet thickness is approximately 0.15mm, and is the same as the
parent tape. The bulk PPMC of loose platelets is weighed and poured
into the charge cavity of the steel tool in Fig. 1. A ramhead is placed
above the material in the charge cavity, and the tool and material are
raised above the thermoplastic polymer melt temperature. Once the
target temperature is achieved, the tool is transferred to a hydraulic
press that applies an effective pressure from the ramhead to the ma-
terial charge. The melted bulk material flows into the net-shape tool
cavity and consolidates under load. The tool is cooled well below the
matrix melt temperature, disassembled and the part is extracted. CT
scanning and then microscopy are used to investigate the molding-

induced microstructure with fiber orientation field in the finished part
as the primary goal.

2.2. Microscopy to inspect molding induced microstructure

Optical microscopy with bright-field lighting was employed to de-
termine the baseline fiber orientation measurement of micro- and me-
sostructure for the PPMC. After CT scanning is performed, three section
planes of interest are chosen such that each will contain regions of
unique flow-induced orientation states near the charge cavity and in
planar regions of varying thickness. These section planes and specific
inspection lines are seen in Fig. 2. A thin diamond-grit sectioning blade
is used to perform the cuts precisely and leave external specimen
boundaries intact wherever possible as references for spatial location of
the regions of interest within the part. The specimen sections are then
mounted in epoxy to facilitate polishing. A grinding and polishing
procedure for carbon fiber-reinforced polymers is then performed until
the inspection planes show individual sectioned fiber ellipses clearly.
The polished specimen sections are placed on an inverted optical mi-
croscope and images of the inspection regions are taken at 200×
magnification and stitched together into a detailed mosaic with image
acquisition software. The image resolution is then ideal for detailed
local microstructure characterization.

A visual inspection of the mosaic images shows the mesostructure of
the part without image analysis. Observations demonstrate that where
part geometry is thin (approximately 1–5mm) and planar, platelets
tend to align parallel to surface boundary planes. An example of the
laminated platelet structure with intact platelets can be seen in the
stitched micrographs of Fig. 3, where surface boundaries are seen on
either side and individual fiber cross-sections appear as light gray el-
lipsoids. The resolution difference between a micrograph and a single
slice of CT scan data at the same location is also seen in Fig. 3, where
each voxel appears as a 53×53 µm pixel, and gray values correspond
to X-ray attenuation through different local densities. Thick regions or
those where more complex material flow occurs sufficiently far from
tool boundaries may contain fully 3D platelet orientations as shown in
the middle right of Section Plane C in Fig. 4.

2.3. Micrograph fiber orientation measurement

Fiber ellipse cross sections in digital micrographs provide enough
data to determine the fiber orientation angle, ϕ, from the X1 toward the
X2 axis (within the section plane) and angle θ from the +X3 axis toward

Fig. 1. T bracket compression molding tool and specimen. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 2. Inspection planes and lines (in red) for microscopy and CT analysis
comparison. (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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the X1-X2 plane for each measured fiber according to Fig. 5. For the
micrograph image analysis method used, angle θ is bounded as [0, π

2
],

but ϕ may actually be ±ϕ π , representing an alternate fiber orientation
having the same ellipse shown in Fig. 5 [38]. Angle ϕ remains ambig-
uous without serial sectioning, confocal imaging, or another method to
determine which of the two directions is correct [39]. The fiber or-
ientation vector components qi from microscopy measurement are de-
rived from θ and ϕ and used as the primary orientation definition be-
cause they are more spatially intuitive within a Cartesian global
coordinate system. CT orientation vector P and its components, Pi, are
reserved for the definition of CT-based orientation vector measure-
ments.

Local fiber collimation within the platelet allows for local orienta-
tion definition by a single fiber vector. Fiber cross section ellipse-based

θ and ϕ measurements are taken in each platelet, or aligned fiber
bundle region, at fibers every 20 µm or less along the centerline of each
stitched micrograph to capture large inter- and small intra-platelet or-
ientation changes. The digital micrographs are opened in Fiji and the
ellipse region of interest tool is used to outline the selected fibers prior
to selecting “measure” to obtain each ellipse major and minor axis and
the angle from horizontal to major axis [40]. With a fiber diameter of
55 pixels for the 7 µm diameter fibers, there is potential for an 11°
measurement error when the fiber cross sections are nearly circular
according to the measured geometry explanations by Bay and Tucker
[7]. The determined fiber orientation vectors are not averaged in any
way so that both intra- and inter-platelet orientation variability can be
seen point-by-point in the plotted results used for comparison with CT
measurements.

The microscopy-measured orientation state may exhibit abrupt
transitions, so it is critical to compare data at the correct location in the
CT-measured data. A positional mismatch as small as a single platelet
thickness during comparison may offset all orientation comparisons and
result in an apparent failure of the CT measurement method. Physical
measurements of polished specimen plane locations within the overall
geometry and identification of unique microstructures visible in mi-
crographs and CT slices are used to correctly register the two datasets
for final comparison. The microscopy-based data provides an accurate
baseline of local fiber orientation for comparison with the CT scan
analysis orientation data.

2.4. CT scans of parts

CT scans use X-ray energies to determine material density via signal
attenuation, so sufficient local density variations must be present in the
composite to extract fiber orientation information. The 50 µm scan re-
solution used in this work implies that observable variations in local
density will not show individual fibers within matrix. Instead, the
homogenized mesoscale densities span a range from the pure matrix
density to the fiber fraction homogenized density. Without a reference
object of known density, the scan data should only be considered as
relative density information. An example slice taken from a CT volume
shows the relative density data in Fig. 6, where the low-density air is
seen as black and the higher densities are various intensities of gray,

Fig. 3. Microscopy and CT data example at lo-
cation A2. (For interpretation of the references to
colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 4. Section plane C stitched micrographs.

Fig. 5. Fiber orientation definition from fiber ellipse cross sections.

Fig. 6. Example slice of CT volume showing variation in local relative density.
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clearly showing no fiber features.
The CT scans analyzed in this study were taken by North Star

Imaging’s scan services department with their X50 scanner. The scan
volume is 1264×1264×907 voxels large in 8-bit format, capturing
an object 65×65×45mm in size. The geometrically magnified re-
solution is 18.9 pixels/mm or 53 µm edge length voxels, preventing the
resolution of 5–7 µm diameter fibers.

3. Analysis methods

3.1. Intact platelet mesostructure enables use of mesoscale CT data

The mesostructure visible in Figs. 3 and 4 prove that the studied
PPMC system consists of deformed, but intact, platelets of aligned fi-
bers. The relationship between the changes in the local density field,

ρΔ , and fiber orientation within a platelet is illustrated in Fig. 7. Al-
though the fiber size in the illustrated platelet is exaggerated, the final
thickness can be assumed to match the ∼100 µm observed in speci-
mens, and the inspection regions a–d are sized to match the CT voxel
size of this work’s scan resolution. Consider inspecting the local mi-
crostructure and corresponding average density along each of the pla-
telet coordinate system axes, 1, 2, and 3. The path parallel to the fiber

direction (1) would be the direction of least density change, as little to
no change would occur in the microstructure when moving from region
a to region b. The transverse (2) and platelet normal (3) directions
exhibit some change in density as the inspection path crosses through
different microstructures containing fibers and matrix.

If the inspection regions remain within the example platelet, dif-
ferentiating between the density changes in the 2- and 3-direction is
nearly impossible. However, if neighboring platelets or density features
are considered, as in the last two examples of Fig. 7, there is a greater
likelihood of differentiating between density changes in the 2 and 3
directions. The direction of greater density change is likely to be normal
to the inspected platelet plane, or the 3-direction, where matrix rich
platelet interfaces, part exterior boundaries, and variation in platelet
fiber volume fraction may be present. The 2-direction would contain
changes in density as intra-platelet microstructure variations are en-
countered. Therefore, assigning the direction of least ρ|Δ | as the fiber
direction in a platelet can be done with confidence, and assigning the
direction of greatest ρ|Δ | as the platelet normal direction is reasonable.

The morphology and CT resolution of this study establish a 1:2 ratio
of voxel size to minimum platelet (or fiber bundle) dimension, which
serves as a rule of thumb for extension of this work to different geo-
metries or material systems. If the platelets were disaggregated into
smaller bundles, then increased CT resolution would be required to
determine fiber orientation from the local density gradients from voxel
to voxel. Other material forms, such as platelets obtained from a multi-
axial, woven material may require reconsideration of the density-di-
rection relationships, but with unidirectional fiber platelets, the above
principles relate local density gradients to platelet orientation state and,
therefore, fiber orientation.

3.2. CT orientation analysis method

Having established the direction of least density change in a platelet
as the fiber direction, a method is now described to determine density
changes, or gradients, in the CT scan data. Broadly, the mesoscale
density variations in CT scan voxel data are analyzed with 3D Gaussian
distribution derivative filters to define local density gradients G1, G2,
and G3 at each voxel location along the respective global axes directions
1, 2, and 3. Principal analysis of a Gi-based structure tensor yields ei-
genvectors along the directions of least, most, and median density
change. Noise in the measurement data is reduced with a Gaussian
smoothing filter prior to assigning the respective eigenvectors to the
fiber, platelet normal, and platelet transverse directions. The
Mathworks Inc. Matlab 2016a with the Image Processing and Parallel
Computing Toolboxes was used for all analysis in this study. Each step
is now presented in more detail.

First, an approximate 3D Gaussian distribution, f , over a discrete
grid of voxels, with each voxel having centroid coordinates x x x( , , )1 2 3

relative to the central voxel of interest is defined as in Eq. (1). Next,
gradient filters, fGi, are generated by separating components from the
gradient of that distribution as presented as Eq. (2).
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where standard deviation, σ, defines how concentrated the Gaussian
distribution is about the filter’s central voxel. Using Matlab’s “imfilter
()” function, with “boundary”= ”replicate”, the filters fGi are con-
volved about every voxel in the CT scan to find the gradient

Fig. 7. Density gradients in a single platelet and across platelet boundaries. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 8. Possible microscopy fiber vectors, q, compared to CT fiber vector, P.
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components, Gi, along each global axis [41]. Gradient components are
then used to create the 3× 3 structure tensor, S, in Eq. (3) for each
voxel [35,42].
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A Gaussian noise mitigation filter in the form of Eq. (1) is applied to
each term of S for the entire data volume. Eigen analysis is performed
on the structure tensor to determine the eigenvalues and their eigen-
vectors associated with the least, median, and greatest density gradients
in the CT data. Finally, the eigenvectors of S can be assigned as the
fiber, transverse, and platelet-normal directions, respectively, for each
voxel. The orientation analysis currently requires less than two hours of
parallel processing on a 20-processor HPC node with the “T bracket”
scan volume containing 1.5 GB of image slices.

Two effects of filter based image analysis should be considered for
this application. The first is the effect of the very large density gradient
at the sample-air boundary. This boundary gradient dominates intra-
specimen density gradients near the part surface, resulting in fiber or-
ientation measurements strongly aligned with the surface [43]. This
effect is reduced slightly in these analyses by replacing the background
air density values with a value near the part average density value and
is often naturally mitigated when as-molded surfaces have platelets
(and fibers) which actually are oriented parallel to the tool surface.
Similar boundary effects occur near sufficiently large internal voids and
matrix rich regions and should be considered according to the pre-
valence of such features. The second effect of filter-based analysis re-
gards filter size and the preservation of local detail. Using a filter that is
too large for the CT resolution will include too much neighboring data
and reduce the clarity of local details. A filter that is too small will not
capture the directional density confounded by noise [44].

Gaussian filters are used to mitigate these effects by weighting data
closer to the central voxel of inspection. Filter size must be at least
3× 3×3 voxels and contain odd integers to have a central voxel of
inspection. Determining the ideal filter size requires consideration of CT
scan resolution, platelet dimensions and expected mesostructure type. A
heuristic approach yielded comparisons where gradient filter sizes from
half a platelet thickness up to three times the platelet thickness pro-
duced very similar CT orientation measurement results. The filter sizes
used for CT analysis of the “T bracket” geometry’s 53 µm scans have a
265 µm (5 voxel) edge length to find the gradient components and
1325 µm (25 voxel) edge length to mitigate noise in the calculated
orientations.

3.3. Orientation comparison methodology

While the second-order orientation tensor, Aij defined by Advani
and Tucker, is commonly used to define the fiber orientation distribu-
tion in short fiber composites [45], it is not used here because the

platelets have a very high degree of local fiber collimation that can be
defined by a single orientation vector. Vectors are decomposed into
three components, Pi, at each voxel location within the CT scan and qi
for each fiber ellipse measured in micrographs. Due to the p=−p
equivalence of a single fiber orientation vector and the ±ϕ π ambiguity
of microscopy orientation vectors, some data manipulation is required
for effective validation. For any microscopy measured orientation
vector, q, an equivalent orientation vector, −q, can be found by mul-
tiplying all components by −1, and an alternate orientation vector, q*,
can be found by multiplying q1 and q2 by −1 as seen in Fig. 8.

The only source available to choose the correct signs of the micro-
scopy orientation vector components is the CT data. The dot product of
P with both q and q* indicates how aligned the vector pairs are. The q
which results in the larger absolute dot product value is more closely
aligned with the CT vector P and will be considered the best case
comparison. The q with a lower dot product is the worst case of the two
possible microscopy vectors. The sign adjustment of microscopy data is
started by using orientation equivalence to switch between q and −q as
necessary to match the signs of q3 to those of P3. The alternate −q* is
created by copying q and switching the signs of ∗q1 and ∗q2 . The dot
products of q and q* with P are then calculated and the vector yielding
the larger dot product is designated as the best case at each comparison
point. Plots of the best and worst case results are shown in Figs. 9 and
10.

With this approach, the CT data retains its measured orientation
state and the microscopy data represents each of two possible or-
ientation states. If CT analysis captures orientation magnitude and sign
correctly, then the best-case comparison should be considered, other-
wise one should look to worst-case comparisons. This choice can be
made at each comparison point or for larger regions. Visual compar-
isons are useful but subjective, so a quantified measure of the success of
CT analysis is required. A quantified metric is derived from the second
order orientation tensor created from the microscopy and CT measured
orientation vectors, q and P, at each point using Eq. (4). Although
creating an orientation tensor from only two input vectors is not how
this tensor is typically used, it provides a means to determine the degree
of alignment of the two measurements.

= +A P P q q1
2

( )ij i j i j (4)

=v vA λij (5)

Eigen analysis is performed according to Eq. (5) to determine the
direction of greatest alignment, v ,λmax and the relative strength of that
alignment, =e λ( )max max , spanning [0.5,1]. That span of emax can alter-
natively be considered as the angle between the compared CT and
microscopy orientation vectors with a respective range of [90°,0°].
Since any one comparison may not represent the CT analysis capability
overall, it is useful to consider the distribution of emaxvalues over a full
inspection line as in the cumulative distribution function (CDF) plotted
for the best- and worst-cases of location A2 in Fig. 11.

Fig. 9. Best case orientation vector components at line A2 after sign adjustment. (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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For the best-case example, the CDF indicates that 50% of the com-
parisons have a max eigenvalue above 0.97. The comparison of or-
ientation state from CT and microscopy measurement methods can now
be performed both qualitatively and quantitatively.

4. CT-Based orientation analysis results validation

CT- and microscopy-measured orientation state are compared using
measurements along the nine inspection lines labeled in Fig. 2. The best

correlation occurs where the microstructure contains fewer rapid or-
ientation changes such as that of inspection line, C1, in Fig. 12.

This simple case instills confidence that the CT orientation analysis
method is capable of capturing the orientation vector, including the
correct vector component signs, very well using the described compo-
nent sign adjustments. The best- and worst-case data from the large and
more typical comparison region, C4, is seen in Fig. 13, where the CT
analysis method captures the trends and average magnitudes of fiber
orientation components, but not always the discrete platelet

Fig. 10. Worst case orientation vector components at line A2 after sign adjustment. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 11. CDFs at line A2 for best- and worst-case max eigenvalue of orientation tensor Aij. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 12. Location C1 comparison of microscopy and CT data fiber orientation components. (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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boundaries. This is an effect of filter-based image analysis, where
measurements utilize a neighborhood of data. Inspection region C4 also
contains complex morphology, with a semi-laminate microstructure
near either end, and a 3D mixed orientation state in the center seen in
Fig. 4. The worst-case plots are also shown in Fig. 13 to acknowledge
the possibility of the CT analysis method perfectly mismatching the
vector component signs between CT and baseline measurements.
However, the visually favorable comparison leads one to assume that
the CT analysis is obtaining valid component magnitudes and signs. The
quantified error is provided as emax quantile data for the best-case
vector comparisons at all nine inspection regions in Table 1.

For inspection region A1, the value at quantile 0.25 is 0.872,
meaning 25% of the maximum eigenvalues are worse than 0.872 and

75% of the eigenvalues are better than 0.872. The 0.5 quantile, or
median, of the data is recommended as the single value to describe how
well CT analysis matched the microscopy baseline. For reference, an
emax value of 0.97 corresponds to a 20° angle between the compared
vectors and 0.99 corresponds to a 10° angle, the significance of which
depends on stress state and local morphology. Region A3 showed the
lowest median, which may be a result of an imperfect match of the CT
and micrograph comparison locations, or may simply be due to failure
of the CT analysis method at this location. To gauge the success of the
CT orientation analysis for the entire “T-bracket” geometry inspected,
the combined histogram and CDF for all inspection lines is given in
Fig. 14.

It is apparent that 50% of the max eigenvalues are greater than
0.963. Although the validation comparisons are performed over rela-
tively small regions, the CT orientation analysis determines the or-
ientation state throughout the entire specimen as shown in Fig. 15.

Only surface orientations are visualized, but the local variability of
fiber orientation within each geometry plane and platelet normal vec-
tors parallel to surface normal vectors are indicated. Full orientation
state visualization shows that variability is captured at all relevant
scales with the CT analysis method.

5. Conclusions

The CT scan orientation analysis outlined is a substantial step to-
ward nondestructive, complete geometry mesostructure characteriza-
tion and is validated with detailed microscopy. The 50 µm CT scan
resolution allows for determination of platelet and fiber orientation
fields in this PPMC material system, without the need to distinguish
individual fibers. It is the state of fiber collimation and associated
physical density gradients within intact platelets that facilitates this
unprecedented nondestructive assessment of average local fiber or-
ientation within the entire geometry of interest. This work suggests that
CT voxel size should be at least half of the platelet thickness in order to
contain sufficient local density gradients for orientation analysis.
Comparison methods like the one outlined here may be used on one
specimen to ensure validity of the CT analysis method for a specific
material, geometry, or scan resolution, and then subsequent CT ana-
lyses may be utilized without destructive microscopy. The resulting
orientation data is available to map into a finite element model “digital
twin” of the scanned part. Many analyses with comparable material and
geometry scales can take advantage of this methodology and benefit
from a measurement informed orientation state, instead of predictions
or assumptions. Examples of such analyses include simulation of ex-
perimental performance and validation of manufacturing flow simula-
tion results. While improved image analysis methods and CT scan re-
solution could yield even better results in future work, this study
demonstrates that there is a wealth of data already available to re-
searchers, designers, and material suppliers of prepreg platelet molded
composites using current scan technologies.

Table 1
Max eigenvalue CDF quantiles for T bracket best case data comparison.

Individual inspection region quantiles

0.25 0.50 0.75 0.90 0.95 0.99

A1 0.872 0.936 0.962 0.992 0.997 0.999
A2 0.916 0.975 0.994 0.998 0.999 1.000
A3 0.773 0.912 0.965 0.990 0.995 0.998
B1 0.946 0.990 0.997 0.999 0.999 1.000
C1 0.968 0.981 0.989 0.996 0.997 0.999
C2 0.863 0.958 0.988 0.995 0.997 0.999
C3 0.887 0.953 0.986 0.993 0.998 0.999
C4 0.907 0.970 0.990 0.997 0.999 1.000
C5 0.957 0.984 0.990 0.997 0.999 1.000

Fig. 14. Histogram and CDF of Max eigenvalue for all orientation vectors in T
bracket R5-1. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)

Fig. 15. Orientation vector components from CT analysis for full T-bracket geometry. (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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