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A novel image analysis procedure named Fourier transform misalignment analysis (FTMA) for measuring
fibre misalignment in unidirectional fibre composites is presented. Existing methods are briefly illus-
trated and evaluated. The FTMA-method is presented, describing the specimen preparation and elaborat-
ing how the image analysis algorithm uses Fourier transformation and a least squares method to compute
single fibre orientations. On the basis of parameter investigations the robustness of the FTMA-method is
investigated. Software generated micrographs with known fibre misalignment are used to determine the
precision of the method. The precision is used, along with computation time and memory usage, to
benchmark the FTMA-method against the existing multiple field image analysis (MFIA) method. It is
found that the FTMA-method is at least as accurate as existing methods. Furthermore, the FTMA-method
is much faster than the existing methods, completing a typical analysis in approximately 1 min. Overall, it
is concluded that the FTMA-method is a robust, precise and time efficient tool for determining fibre
misalignment in unidirectional fibre composites, offering a higher degree of detail than the existing
MFIA-method.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

During the last decade the use of carbon fibre reinforced plastics
(CFRP) has spread from aerospace industry to a wide range of
industrial applications including bridge reinforcements, wind tur-
bine blades, automotive and marine/offshore. Large quantities of
relatively expensive CFRP are being used in these industry sectors,
so that the material performance relative to its cost has become a
key factor. There is therefore a high motivation for improving the
performance of the very expensive CFRP composites.

One material property of specific interest is the compressive
strength, which in most commercial unidirectional CFRPs is about
50% of the tensile strength [1]. This often makes the compressive
strength one of the limiting design factors in large composites
structures.

It is widely accepted that the dominant failure mode in most
commercial unidirectional polymer–matrix fibre composites is
plastic microbuckling [1,2]. In the early models of microbuckling
failure in unidirectional fibre composites the fibre misalignment
was identified as one of the main governing properties. The fibre
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misalignment is a geometric material imperfection which is closely
linked to the production method. The other governing properties
are the shear modulus and the shear yield strain of the composite
and therefore closely linked to the choice of materials.

Fiberline Composites, a manufacturer of pultruded composite
profiles, has through Aalborg University, Denmark, initiated the
development of a time efficient tool for quantification of fibre mis-
alignment. Fiberline Composites aims to use such a tool in the
development of future, high performance, fibre composites. In gen-
eral a fast and precise tool for measuring fibre misalignment in
composite materials will be of value:

– To the manufacturer trying to improve manufacturing
techniques.

– In quality control, giving a fast estimate of the compressive
strength.

– To engineering scientists wanting precise input for further
development of compressive strength models.

Yurgartis [3] proposed a sectioning technique using classic 2D
optical reflection microscopy. The basic idea is that fibres of circu-
lar cross-section appear as ellipsoids when sectioned on a plane in-
clined at an angle to the nominal fibre direction. By measuring the
major and minor axes of such ellipsoids the orientation of the
fibres can then be derived. This technique requires high quality
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Fig. 1. Sketch of the elastic buckling modes of continuous fibres in compression
described by Rosen [9]. (a) In-phase buckling with the matrix in shear. (b) Out-of-
phase buckling with the matrix in compression–tension.
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polishing along with high magnification micrographs. Moreover, it
is sensitive to irregular fibre shapes and it is relatively time
consuming.

Non-destructive methods such as described by Clarke et al.
[4,5] have been proposed, where confocal laser scanning micros-
copy (CLSM) is used to determine the fibre misalignment. However
such methods are not applicable to CFRP, due to the opacity of car-
bon fibres. Creighton et al. [6] proposed the multiple field image
analysis (MFIA) method. The MFIA-method uses digital micro-
graphs of planes sectioned parallel to the nominal fibre direction,
where fibres appear as elongated features. The MFIA-method was
faster than existing methods both in regard to specimen prepara-
tion and analysis time. Nevertheless, analysis time for a typical
analysis was reported to take 3 h [6] and the precision of the meth-
od was not fully investigated.

Digital image analysis is a discipline which has been imple-
mented with success in various fields such as cell biology, surveil-
lance, radiology and quality control, etc. Typical tasks undertaken
in image analysis are filtering, pattern recognition, counting and
measuring; appropriate algorithms can be made extremely time
efficient. Many standard tools for image analysis have been devel-
oped and can be explored with the freeware program ImageJ [7],
among others. The method proposed in this paper is named Fourier
transform misalignment analysis and will from here on be referred
to as the FTMA-method. The FTMA-method utilises 2D Fourier
transformation as the key image analysis algorithm, which decom-
poses digital images into frequency and intensity components. If a
repetitive pattern exists in a picture it will show up in the fre-
quency domain of a 2D Fourier transformation [8]. An appropriate
frequency filter can enhance such patterns.

The FTMA-method is similar to the MFIA-method, analysing
digital micrographs of section planes parallel to the nominal fibre
direction of unidirectional CFRP. In such planes the fibres are found
in repetitive patterns of orientation and spacing. A frequency filter
designed to enhance the fibre pattern through 2D Fourier transfor-
mation of digital micrographs has been designed. The frequency
filter has been included in a new image analysis algorithm espe-
cially designed to enable time efficient measurement of fibre mis-
alignment. Using real micrographs of unidirectional CFRP the
design parameters of the frequency filter have been investigated
and shown to exert little influence on the computed result. The
precision of the method has been investigated on software gener-
ated micrographs, and the method has been benchmarked against
the MFIA-method for time efficiency and memory usage.
Fig. 2. Infinite kink band with initial fibre misalignment [13].
2. Analysis methods

2.1. Modelling of compressive failure due to microbuckling in
unidirectional composites

Rosen [9] is generally known as the first to describe compres-
sive failure of unidirectional fibre composites as elastic microbuck-
ling. He gathered results from earlier studies including photo
elastic experiments. In the photo elastic experiments single fibres
were embedded in a matrix and compressed by cooling which re-
sulted in repetitive sinusoidal deformation. These experiments
were used to demonstrate that the treatment of compressive fail-
ure as buckling of columns resting on an elastic foundation is valid
also for brittle materials such as glass. Conceptually, two different
elastic modes are possible. The fibres will buckle either in phase,
where the matrix undergoes shear, or out off phase with the matrix
being in tension–compression as shown in Fig. 1.

The in-phase phase mode with the matrix loaded in shear has
the lower buckling stress. Assuming that the fibres are perfectly
aligned the elastic buckling stress is expressed as
rc ¼ G ð1Þ

where G is the effective longitudinal shear modulus of the compos-
ite. Originally the effective shear modulus was estimated by taking
the matrix shear modulus acting over the matrix volume fraction.

Today it is widely accepted that the dominant compression fail-
ure mode in most commercial unidirectional polymer–matrix fibre
composites is localised plastic microbuckling [1,2,10–12].

Argon [13] suggested that the elastic model of Rosen [9] repre-
sents an upper bound for perfectly aligned composites and pointed
out that composites made by normal production techniques
always have regions with misaligned fibres. Modelling the initial
fibre misalignment as an infinite kink band, as shown in Fig. 2,
he suggested a rigid-perfectly plastic model expressed as [13]

rc ¼
k
/0

ð2Þ

Here k is the longitudinal shear yield strength and /0 is the initial
fibre misalignment angle. Further rotation of the kink band will
not develop until the critical stress rc is reached.

Budiansky [14] extended Argon’s model to an elastic-perfectly
plastic model where the critical kinking stress

rc ¼
G

1þ /0=cY
ð3Þ

is governed by the composite shear modulus G, the shear yield
strain cY and the initial fibre misalignment /0. It is seen that this
elastic-perfectly plastic model will reduce to Rosen’s elastic model



Fig. 4. Micrograph of a polished cross-sectional cut at an angle of �5� to the
nominal fibre direction of a unidirectional CFRP laminate manufactured by
pultrusion.
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by taking the limit of /0 ? 0. It can also be reduced to Argon’s rigid
plastic model by using k = GcY and taking the limit of cY ? 0.

More recently the elastic-perfectly plastic model has been ex-
tended to include strain hardening and finite fibre bending resis-
tance [1,2], while still treating the initial fibre misalignment as
an infinite kink band. The infinite kink band models are often
thought of as providing lower bounds of the ‘‘true” compressive
strengths as they are often in good agreement with test results
from pure compression tests [11]. However, as Wisnom [15] de-
scribed, this test method in itself is sensitive to uniform misalign-
ment with respect to the loading axis. Numerous finite element
studies [11,16,17] have therefore been carried out to investigate
sensitivity to the geometric characteristics of misalignment imper-
fections. Resent research by Liu et al. [18] allows the prediction of
the statistical distribution of the compressive strength based on
random distributions of fibre misalignment and concludes that
the compressive strength mainly depends on the root mean square
of the fibre misalignment.

2.2. Illustration and evaluation of existing methods for the estimation
of fibre misalignment

The Yurgartis method [3] is a cross-sectional method using clas-
sical 2D optical microscopy. The basic idea behind the method is
that a fibre of circular cross section will appear as an ellipsoid
when sectioned in a selected angle to the nominal fibre direction
as illustrated in Fig. 3.

By measuring the major and minor axes of the ellipsoids and
knowing the fibre diameter the 3D spatial orientation of the fibres
can be estimated. Yurgartis suggests a sectioning angle of approx-
imately 5� to the nominal fibre orientation, where the fibre orien-
tation can be determined with a resolution of ±0.25� [3]. The
measurements can be fully automated with standard image analy-
sis software. The specimen preparation, however, remains rela-
tively difficult and time consuming. The reason for this is that a
high polishing quality is necessary to avoid polishing artefacts that
will complicate the measurement of the major axis. Furthermore,
several test samples need to be polished and analyzed in order to
obtain a sufficient statistical background. An example of a sec-
tioned, polished specimen is shown in Fig. 4.

Another disadvantage of the Yurgartis method is its sensitivity
to fibre shape. Not all fibres are circular. Fibres can for instance
be polygonal or kidney shaped. In such cases the Yurgartis method
is not applicable and other methods must be considered.

Multiple field image analysis (MFIA) is an image analysis soft-
ware which was proposed by Creighton et al. [6]. With this method
surfaces parallel to the fibre direction are observed. In these planes
the fibres appear as elongated features as shown in Fig. 3. The MFIA
software algorithm analyses local domains of a micrograph and
determines the average fibre orientation by tracking intensity vari-
ations. A digital micrograph taken at relatively low magnification is
Fig. 3. Sketch showing a unidirectional composite with the nominal fibre direction
being parallel to the x-direction.
divided into several domains as shown in Fig. 5. The domains con-
tain several interpolation arrays which are rotated in a step-wise
manner to compute the intensity variation as a function of
orientation.

Fig. 6 shows that the intensity variation is closely connected to
the angle at which the intensity is computed. The more parallel the
interpolation is array to the fibre orientation the smaller is the
intensity variation. The average orientation of each domain is
determined as the angle at which the intensity variation is smallest
and stored for subsequent statistical analysis. Because the micro-
graphs are captured at a relatively low magnification (100�) a
low polishing quality is sufficient, and a significant amount of time
can be saved preparing the specimens, as compared to the
Yurgartis method. However, the original MFIA-method is relatively
time consuming, and a typical fibre misalignment analysis origi-
nally reported to take 3 h [6] is estimated to take approximately
15 min on a 1.86 GHz Pentium M processor with 1.5 GB RAM.

As a part of the present study a modified MFIA-method has
been developed and made more efficient in terms of computation
time. The main difference between the original and the modified
version is that all domains are now rotated and analysed simulta-
neously. The computation time is thereby reduced to a few min-
utes (see Section 3.2). The ‘‘price” paid for the increased time
efficiency is increased memory usage, because all the domain anal-
yses are performed simultaneously.

A general disadvantage of the MFIA-method is that it computes
average orientations, and a ‘‘true” measure of the random mis-
alignment within the domains cannot be obtained. Furthermore,
it is difficult to visually control whether a computed orientation
is a good match for the local fibre orientation. This can be seen
Fig. 5. Micrograph of pultruded carbon fibres captured at 100� magnification. The
domains outlined in white have an edge length of 80 pixels.



Fig. 6. Intensity distributions along two interpolation arrays with different angles relative to the fibre orientation. The more parallel an interpolation array is to the fibre
orientation the smaller is the intensity variation.
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in Fig. 7 where a result plot from the improved MFIA-method is
shown.

Another disadvantage of the MFIA-method is that the method is
sensitive to surface scratches which give a low intensity variation
in the direction of the scratches and thereby distort the measure-
ments. The modified MFIA-method described in Section 3.2 will
be compared to the FTMA-method regarding precision, analysis
time and memory usage.

2.3. Novel method for fibre misalignment analysis

The FTMA-method proposed in this paper for the measurement
of the fibre misalignment in unidirectional composites is a digital
image analysis procedure developed in MatLab�. In a similar
approach to the MFIA-method [6], it works on planes parallel to
the nominal fibre orientation in which fibres appear as elongated
features. Such planes could be the xy- or xz-planes as shown in
Fig. 3. In these planes the single fibres can be distinguished from
each another at much lower magnification than with the Yurgartis
method. This requires less specimen preparation and large regions
can easier be analysed, giving more information regarding the dis-
Fig. 7. Control plot from the improved MFIA-method. Each of the domains is
rotated by the mean fibre orientation angle of the domain. The estimated
orientation angle is written within the domain box.
tribution of fibre misalignment per micrograph than with the
Yurgartis method.

2.3.1. Specimen preparation
The focus has been on developing a method which is simple and

very easy to work with. A fast specimen preparation procedure
which consists of two simple steps has therefore been used:

1. The specimen is wet ground down to the plane of interest with
a 320 grit SiC paper. It is recommended that a grinding fixture is
used to improve the parallelism of the ground plane relative to
the nominal fibre orientation and to minimise rounding of the
corners.

2. The coarse grind will leave a relative coarse surface with fibres
sticking out of the surface which will distort the image acquisi-
tion. To remove the loose fibres the specimen is subsequently
wet ground by hand a few times parallel to the fibre direction
using a 1000 grit SiC paper. The specimen is now ready for
image acquisition.
Fig. 8. Micrograph of pultruded CFRP specimen prepared with the suggested
procedure.
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A micrograph captured at 100� magnification of a specimen
prepared with the above procedure is shown in Fig. 8.

As seen in Fig. 8 the proposed specimen preparation is relatively
coarse, but as will be shown it is sufficient for performing a mis-
alignment analysis with the FTMA-method.

2.4. Step-by-step description of the proposed image analysis algorithm

2.4.1. Step 1: performing 2D fast Fourier transformation and
computing the power spectrum

The micrograph is divided into several square domains as with
the MFIA-method, see Fig. 5. Each domain is represented by a ma-
trix of pixels with 8-bit greyscale intensities. Such a domain matrix
represents the spatial domain f(x,y). The spatial domain is then
transformed into the frequency domain denoted F(u,v) using a
2D fast Fourier transformation (FFT), which is available as a
built-in function ‘‘fft2” in MatLab.

To interpret the frequency domain computed by the FFT the
power spectrum P(u,v) is computed as

Pðu;vÞ ¼ absðFðu;vÞÞ ¼ ½R2ðu;vÞ þ I2ðu;vÞ�1=2 ð4Þ

where I(u,v) and R(u,v) represent the real and imaginary parts of
the Fourier coefficients. However, the dynamic range of the power
spectrum is often very large as compared to an 8-bit greyscale. A
logarithmic transformation is therefore used to scale the power
spectrum and is computed as

PInðu; vÞ ¼ Inð1þ Pðu;vÞÞ ð5Þ

Because of the periodic properties of the Fourier transformation
the largest intensities in the frequency domain are placed in the
corners. For subsequent analysis the power spectrum needs to be
centred. This is done by shifting the 4-quarters in the frequency
domain in accordance with Fig. 9.

This centring of the Fourier domain is performed using the
built-in MatLab function called ‘‘fftshift”. The three operations in
obtaining a centred logarithmic power spectrum from a micro-
graph domain are illustrated in Fig. 10. The orientation of the fibres
gives a repetitive change from black to white traversing perpendic-
ular to the fibre direction, as shown in Fig. 10. This pattern results
in a white line in the centred power spectrum shown encircled by
an ellipse in Fig. 10. The next step is to determine the orientation of
this white line.

2.4.2. Step 2: determination of average fibre orientation from Fourier
power spectrum

The encircled white line in the power spectrum seen in Fig. 10
represents the averaged fibre orientation within the analysed do-
main. Determination of this mean fibre orientation is needed to
build a domain-specific frequency filter. The orientation of the
white line is determined by looping through the angles from 0�
to 180� in steps of 0.1�. At each angle increment the radius vector
of the inscribed circle, shown in Fig. 11, is drawn in the specified
angle, intensities interpolated along it and summarised.
1

3

2

4

Fig. 9. Sketch of how the four quarters of the power spectrum are shifted so the
largest intensities of the Fourier domain are centred.
The summation along the radius vector of the interpolated pixel
intensities can be expressed as

PsumðhÞ ¼
XN=2

L¼1

PInðN=2þ cos h � L;N=2� sin hLÞ he½0 : 0:1 : 180�

ð6Þ

The orientation of the white line is determined as the angle
with the highest intensity sum.

2.4.3. Step 3: domain-specific frequency filter, filtering and inverse FFT
A domain-specific filter has been designed to improve the analy-

sis accuracy. The filter, of the same size as the domain, is illustrated in
Fig. 12, showing two white regions at the fibre orientation estimated
from the previous step symmetrically placed with respect to the cen-
tre. White denotes a filtering value of one, black is zero and grey-
scales are scalars in between. By aligning the white regions with
the mean fibre orientation the filter enhances the fibre pattern and
removes any noise and patterns not in that general direction. The
distance between the two white regions in the centre of the image
is defined as two times the filter radius.

To avoid so-called ringing effects [8] when returning to the spa-
tial domain, ideal filters as shown in Fig. 12a should be avoided. To
smooth the transition from white to black in the filter the Butter-
worth equation given below is used

G2x ¼ G2
0

1þ ðx=xcÞ2n ð7Þ

where G is the gain; G0 is the gain at zero frequency; n is the order
of the filter; x is the frequency/distance to the centre and xC is the
cut-off frequency/distance where the gain is a factor of 1=

ffiffiffi
2
p

. The
Butterworth parameters are illustrated in Fig. 13.

The filter shown in Fig. 12b is built for a domain of 200 by 200
pixels with a filter radius of 20 pixels, an order of n = 3, and a cut-
off distance of six pixels. These parameters are found to give
accurate and robust results. The order of the Butterworth filter,
the cut-off distance and the filter radius will be the focus of a
parameter study in Section 2.5, investigating the robustness of
the FTMA-method. This filter is applied to the frequency domain
with element-by-element multiplication. A filtered spatial domain
is then obtained by performing an inverse FFT. The result of such a
filtering and inverse Fourier transformation is shown in Fig. 14.
2.4.4. Step 4: thresholding and object filtering
The filtered spatial domain is converted to a binary representa-

tion by simple thresholding, and the resulting regions are labelled
using 8-node connectivity. As seen in Fig. 15a not all noise is re-
moved by the frequency filter. An object filter is therefore used.
An early version of the object filter was based on area and com-
pactness of the objects, but the present versions of the object filter
are based on the object length as it has shown to make the area and
compactness thresholds redundant. The threshold of the object
length is set to 25% of the domain length based on experience.
All objects shorter than that are removed. The effect of the object
filter is shown in Fig. 15b. If the frequency filtering is not per-
formed a significant amount of noise joins the fibre objects and dis-
torts further analysis, as seen in the images without filtering
shown in Fig. 15c and d.

2.4.5. Step 5: computing object orientation by least squares method
The final loop in the FTMA-method computes the orientation of

the resulting objects, see Fig. 15b. One object at a time coordinate
sets (xn,yn) of all n pixels in an object are obtained. The object ori-
entation is then determined by linear regression using the least
squares method. The regression line has the form



Step 2:  Fourier transformation and 
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Fig. 10. An illustration of the three operations used to obtain a centred logarithmic power spectrum from a squared micrograph domain.
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Fig. 11. Centred power spectrum with illustration of the radius vector used to
determine the orientation of white line which is perpendicular to the mean fibre
orientation.

Fig. 12. Filter with two areas placed symmetrical with respect to the centre and
aligned with the mean fibre orientation. (a) Ideal black and white filter. (b)
Transition from white to black smoothed with the Butterworth equation.
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axþ b ¼ y ð8Þ

where the line coefficients are determined as

b ¼ nSXY � SXSY

nSXX � SXSX
a ¼ SY � bSX

n
ð9Þ

SX ¼
Xn

i¼1

xi SXX ¼
Xn

i¼1

x2
i

SY ¼
Xn

i¼1

yi SXY ¼
Xn

i¼1

xiyi

ð10Þ
When an orientation for all the objects within a domain is
determined, it is possible to have the computed regression lines
plotted on the active domain as shown in Fig. 16.

The mean orientation and standard deviation within the
domain is computed and stored along with the single object orien-
tations for subsequent statistic analysis. The misalignment analysis
then moves on to the next domain.

2.5. Robustness

Micrographs of different CFRP specimens have been used in a
thorough parameter study. The focus has been on the filter radius,
power and cut-off distance of the frequency filter. The robustness
has then been investigated by observing how the parameters influ-
ence the analysis result. More specifically, each parameter has



Fig. 13. Illustration of the Butterworth equation and its parameters.

Fig. 14. Filtered spatial domain with enhanced fibre pattern obtained by inverse
FFT of the filtered frequency domain.

Fig. 15. Thresholded images of the spatial domain. (a) Frequency filtered, no object
filtering. (b) Frequency filtered, object filtering on the basis object length. (c) No
frequency filtering, no object filtering. (d) No frequency filtering, object filtering on
the basis of object length.
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been assigned four different values which have been varied inde-
pendently giving 64 analyses per investigation. For each variation
the mean angle and standard deviation has been computed and
stored for later comparison. Twelve domains representing three
different materials have been investigated. Parameter investiga-
tions have also been performed on software generated micro-
graphs to check that such analyses gave the similar results.
Finally, visual control plots as shown in Fig. 16 have been used
for comparison of the different results in a parameter investigation.
Selected results from the parameter study are given and discussed
in Section 3.1.

2.6. Precision and benchmarking

Software generated micrographs have been used to determine
the precision of the FTMA-method. A software generated micro-
graph, as shown in Fig. 17, has the advantage that the orientation
of every drawn fibre is known as well as the mean orientation
and standard deviation. The software generated micrographs are
constructed by generating normal distributions of fibre orienta-
tions and fibre lengths with defined mean and standard deviation.
Each fibre position is obtained from a uniform distribution of coor-
dinates within the image area. Each fibre is then evaluated in turn
against a set of rules designed to avoid fibre crossing and fibres
lying to close. If the potential fibre does not violate any of the rules,
it is plotted on the image and the next fibre is evaluated. Finally,
noise is added to the image to enhance the resemblance to real
fibre patterns.
By performing a misalignment analysis with several domains
the mean orientation and standard deviation can be estimated on
a given image. The precision will then be computed as the differ-
ence between the known and measured value of the mean orienta-
tion and standard deviation.

The benchmark covers precision, computational time efficiency
and memory usage. The benchmarking of the precision is carried
out on software generated micrographs. Benchmarking of the com-
putation time and memory usage is carried out by varying the
analysis size on a typical micrograph of unidirectional CFRP.

3. Results

3.1. Robustness

The robustness of the FTMA-method has been investigated on
several micrographs with the focus on how the filter parameters
influence the computed results with respect to both mean orienta-
tion and standard deviation. The results of a typical parameter
investigation regarding mean orientation from one domain are
shown in Fig. 18. Parameter investigations on software generated
micrographs produce more consistent results. The overall response
is nevertheless the same as compared to real micrographs. By using
the visual control plots, in combination with parameter investiga-
tion on the real micrographs, the following conclusions can be
reached. Filter radii of 0, 10, 20 and 40 pixels have been used on
200 � 200 pixel domains. A small filter radius of 0 or 10 pixels lets
too much noise slip through the frequency filter and tends to gen-
erate bridges between independent fibre segments which disturb
the result. Using a large filter radius of 40 pixels on the other hand
tends to generate ‘‘echo objects” in the gap between fibres. Neither
of these analysis artefacts has been observed with a filter radius of
20 pixels, which is therefore recommended as the standard filter
radius. Nevertheless, little difference is observed regarding the re-



Fig. 16. Results plot from the FTMA-method for visual control of the computed regression lines.

Fig. 17. Software generated micrograph where the orientation of every drawn fibre is known.
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sults. This is supported by Fig. 18 which shows that the computed
mean orientation lies between approximately 4.1� and 4.4� regard-
less of the filter parameters.

Cut-off distances of 1, 2, 5 and 10 pixels and filter orders of
n = 1, 2, 3 and 5 have been used in the parameter study. The cut-
off distance, together with the filter order, controls the width of
the filter and thereby the orientation interval which is isolated
and enhanced. A narrow filter ignores objects whose orientation
deviate too much from the mean orientation. A narrow filter also
tends to build bridges between independent fibre segments. Ex-
treme cases of such filter behaviour can be seen when analysing
software generated micrographs as shown in Fig. 19.

The sensitivity to the cut-off distance and filter order is signifi-
cantly smaller when the parameter investigations are performed
on real micrographs of CFRP. The parameter study shows that with
a filter radius of 20 pixels and a cut-off distance equal to or above 5
pixels all parameter investigations compute mean orientations
that are consistent within ±0.2�, often with better consistency than
this.

With regard to robustness of the computed standard deviation
the results are not always consistent. When computing the stan-
dard deviation, results consistent within ±0.3� are observed in 2
out of 12 parameter investigations. One of these is shown in
Fig. 20a. The larger variation can be explained by poor contrast
in some of the analysed micrographs.

An example of a parameter investigation with consistent results
is shown in Fig. 20b. Such results can be explained by good contrast
in the analysed micrograph, which again can be related to a better
(though still relatively coarse) polishing quality. The consistent re-
sults seen in Fig. 20b are similar to the parameter investigations of
software generated micrographs, where the variation of the com-
puted standard deviation are within ±0.1� for a cut-off distance
above 1 pixel.

Regarding the filter order it is recommended to use n = 3. A
higher filter order results in a filter design, close to an ideal filter,
which according to literature introduces filtering artefacts [8]. This
complies with observations indicating that the high order filter,
n = 5, gives less consistent results, however still within ±0.2�
regarding mean orientation. Using a lower order of n = 2 has in
general little (if any) influence on the results. Using an order of
n = 1 is, however, too small as it makes the width of the filter too
large and thereby enables noise to get through.

In summary, the parameter study shows that the robustness of
the FTMA-method is satisfactory as the computed mean
orientations are consistent within ±0.2� regardless of the filter
parameters. On the basis of the parameter study it is suggested
to use a filter radius of 20 pixels, a cut-off distance of five pixels
and a filter order of n = 3 for domains with a side length of 200 pix-
els. This parameter setup has been shown to be the most reliable
combination of filter parameters.

3.2. Comparison between the FTMA-method and the MFIA-method

The comparison between the FTMA-method and the MFIA-
method is based on several software generated micrographs with
varying mean orientations and standard deviations. The results of



Fig. 18. Investigation of how the filter parameters influence the computation of the mean orientation. Each graph represents a filter radius, each line style the order of the
filter, the cut-off distance is shown along the x-axis and the computed mean orientation is shown along the y-axis.

Fig. 19. Parameter investigation on software generated micrograph. The filter uses a cut-off distance of one pixel and a filter order of n = 5. The corresponding results plot
shows examples of bridging between independent fibres (circled).
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the benchmark test exploring the precision of the mean orientation
and standard deviation estimates for the fibre misalignment is
shown in Fig. 21.

If the precision depends on the nominal orientation, this must
be considered when capturing the digital micrographs. The
results shown in Fig. 21a clearly show that the precision of deter-
mining the mean orientation is not influenced significantly by the
nominal orientation itself. The two methods have equal precision
below ±0.1�.

When computing the standard deviation the precision of the
two methods are quite different, as seen in Fig. 21b. The MFIA is
relatively imprecise regarding the determination of the standard
deviation. The FTMA-method has a precision below ±0.1� for stan-
dard deviations up to 3�.

The efficiency of the FTMA-method and the modified MFIA-
methods has been determined under the same conditions on a lap-
top with a 1.86 GHz Pentium M processor and 1.5 GB RAM. The
efficiency in terms of computation time of the FTMA-method and
the modified MFIA-method is shown in Fig. 22.

The FTMA-method is, as Fig. 22 shows, significantly faster than
the MFIA-method. Both the modified MFIA-method and the FTMA-
method can now perform a typical analysis with 100 domains of



Fig. 20. Parameter investigation with a focus on the variation of the computed standard deviation: (a) with extreme variations and (b) with low variations.

Fig. 21. (a) The absolute difference between the known mean orientation l and the estimated mean y. (b) The absolute difference between the known standard deviation r
and the estimated standard deviation s.
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200 by 200 pixels in less than 5 min. However, the FTMA-method is
4–5 times faster than the MFIA-method.

As mentioned in Section 2.2 the cost of making the
MFIA-method more efficient in terms of computation time is an
increased memory usage. The increased memory usage of the
modified MFIA-method compared to the FTMA-method is shown
in Fig. 23.

The efficiency of the modified MFIA-method and the FTMA-
method is summarised in Table 1.
4. Conclusions

A novel method for determining the fibre misalignment in uni-
directional composite materials using 2D fast Fourier transforma-
tion has been proposed. A parameter study on both real and
software generated fibre distribution micrographs has been per-
formed to demonstrate the robustness of the FTMA-method. The
results obtained have been shown to give an estimate of the mean
orientation consistent within ±0.2�, independent of the filter



Fig. 22. Computation time of the modified MFIA-method and the FTMA-method.
The size of the analysis is given in domains which have a size of 200 by 200 pixels.

Fig. 23. Memory usage for the modified MFIA-method and the FTMA-method as a
function of the size of the analysis in terms of number of 200 by 200 pixel domains.
The modified MFIA increases memory usage because it analyses all domains
simultaneously in order to reduce computation time.

Table 1
Benchmark of the modified MFIA-method and the FTMA-method.

1.86 GHz Pentium M processor 1.5 GB RAM 200
by 200 pixels domains

FTMA Modified MFIA

Precision
Nominal orientation 0.1� 0.1�
Standard deviation 0.1� –

Time efficiency (100 domains) 1 min 4.5 min

Memory usage (100 domains) 8 MB >200 MB
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parameters. The parameter study, however, also indicates that the
robustness of the computed standard deviation is influenced by the
quality of the micrograph and thereby indirectly by the polishing
quality when preparing the composite specimens. Fast polishing
techniques therefore need to be developed further in order to in-
crease the polishing quality and thereby improve the robustness
of the computation of misalignment within a domain.

The precision of the FTMA-method has been estimated by the
use of software generated micrographs. These show that both the
MFIA-method and the FTMA-method have a precision in estimat-
ing the mean fibre orientation better than ±0.1�. With software
generated micrographs with randomly distributed fibre misalign-
ment the FTMA-method displays a uniform precision for standard
deviations below 3�. The MFIA-method, however, is not able of
capturing the fibre misalignment when it is randomly distributed.
This is an important advantage of the FTMA-method as this was re-
ported by Liu et al. [18] to be an important factor governing the
compression strength of composite laminates.

The FTMA-method has been applied to the analysis of the fibre
misalignment of several unidirectional CFRP laminates manufac-
tured by pultrusion or using prepregs. Comparing with the original
MFIA-method, the modified MFIA-method used in this paper is sig-
nificantly faster. The largest time reduction, from the reported 3 h
to approximately 15 min, is given by the increased efficiency of
computers. The last reduction in computation time from 15 min
to approximately 5 min for the MFIA-method can be obtained by
analysing all domains simultaneously. The FTMA-method, how-
ever, remains a factor of 4–5 faster than the modified MFIA-
method.
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