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Abstract

This paper presents an automated algorithm which extracts wrinkle characteristics from B-Scan images
of large composite parts. Out-of-plane ply misalignment is estimated by a bespoke fully automated
algorithm based on the multiple field image analysis method (MFIA) . The original algorithm is adapted
to (1) specifically improve the method’s robustness at handling low resolution images typical of B-
scan data and (2) compute wrinkle characteristics such as wavelength, amplitude and location. The
algorithm is first validated against a synthetic wrinkle created using a localised wave function, and shows
wavelength characteristics computed to within +1%. The algorithm is then demonstrated for real scans
of out-of-plane wrinkles in the corners of a large-scale C-section component. Finally, we show how the
algorithm is used to generate a finite 3D representation of the wrinkles. It is envisaged this model can be
used to assess component knockdown factors without the need for expensive destructive testing.

1. Introduction

Non-destructive testing and inspection of large scale composite structures is challenging. To assess
defects, such as wrinkles [2] or porosity in manufactured parts, a popular option is B-scans; in which
large scale parts with relatively simple geometries can be readily scanned in-situ. The extraction of defect
data from scans is often a manual process which is time consuming and subject to observational bias.

Wrinkles appear during consolidation owing to
the lack of interply slip as a result of physical con-
straints when forming curved parts, as seen in the
CT scan in Fig.1 [3]. They may result in localised
stress concentrations leading to failure at reduced
loads. Since rejecting a defected component can
be an expensive option, it becomes necessary to
quantify a knockdown factor where it is important
to obtain accurate and repeatable measurements
for size and location of any defects if the data is to
be used for certification or concessions purposes.

Figure 1: Example of wrinkles a curved geometry

Fibre (mis-)alignment is estimated by a bespoke algorithm based on the multiple field image analysis
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method (MFIA) proposed by Creighton et. al. [1, 4]. This method was selected over other possible
choices (e.g. Hough Transformations [5] and classical fourier methods [6]) due its suitability in detecting
fibre waviness [4, 7]. The workings of the algorithm are explained in section 2. Although fibre alignment
is estimated using a method developed by Sutcliffe et. al. [4, 7], in section 2.2, it has been extended and
adapted with the principle aim of improving the robustness at handling low resolution images typical of
B-Scans (see Fig.8). Using an artificially created wrinkle and estimating its alignment field, section 2.3
demonstrates the techniques used to extract its wavelength, location and amplitude. Based on extracted
results, one of the samples was reconstructed to yield the meshed FE model shown in section 3.

2. Methodology and demonstration of the algorithm

This section describes, in depth, the mapping between curved geometries and flat scans followed by the
approximation of the alignment map. Based on the map, wrinkle characteristics are determined and used
to reconstruct models and meshes to enable finite element calculations. The method is demonstrated
using a synthetically generated wrinkle, see Fig.4 (lower) using the localised wave function,

g(x,y) = A(y) sech’(£1 x) cos(£,x) (1)

The grey scale function of a binary image simulating the perfect B-scan of layered media is defined as,

0 iff[21e {1,3,5,...,n)

1 iff[Ye {2,4,6,...,n) @

G(x,y) = {

where ¢ is the thickness of the scan, J is the ordinate such that 0 < § < ¢ and n is the total number of
layers and interfaces. A synthetic wrinkle may then be embedded using the transformation in (1).

2.1. Mapping from B-scan images to curved geometries

Real Part Geometry

It is evident that scans taken on curved sur- y

faces and flattened into 2D images must nat- >

urally condense data leading to distorted fea- e n
tures. To recover the wrinkle characteristics, Y {
one must define the transformation from the .. counin \ ’
rectangular coordinates of the B-Scan (x,y) [eifee: — popetssen 5

back to the part coordinates (e.g. (s,n) arc ™" Sensors

length and normal to an arc as in Fig. 2). The B-Scan View =

algorithm presented is applicable to any geo-
metric feature in which there exists a unique
mapping between the two coordinate sys-
tems. This contribution considers a curved circular arc as shown in Fig. 2, for which the transformation
is given by the mapping

Figure 2: Transforming between a flat B-scan and a
curved geometry

f:(x,y)—>(s,n)::((1+I%)(so+x—§),—y). 3)

The Jacobian of f, defined as

“

1+y/R R '(so+x-— L/Z)]

ey =7 o

gives the length scale changes as a result of the transformation f. The Jacobian is used to determine real
wrinkle wavelengths and amplitudes, once extracted from the B-Scan image.
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2.2. Estimation of fibre alignment using multiple field image analysis

The fibre alignment at a point (x, y) is estimated by considering trial fibres of length £, centred about that
point, orientated at 6 to the horizontal. For each trial fibre orientation the average variation in grey-scale
along the fibre, given by

1 /2
J©) = 7 fe/z 16(0,0) - G({,0)| d¢, &)

is calculated; where G({,6) € [0, 1] is the grey-scale at (x + {cos 8,y + {sinf) and { € [-{/2,{/2]
is the arclength parameter. The fibre alignment is the angle ¢ which minimises J(6) over all possible
orientations 6 € [-90°,90°]. In practise the integral (5) is calculated using the trapezodial rule, whereby
intermediate grey-scale values along the fibre length are interpolated from discrete pixel values. The min-
imisation is done using a (constrained) derivative free nonlinear optimiser as implemented in MATLAB’s
function fmincon [8].

G(S)A (a) Figure 3 demonstrates how this algo-
(; + 5 0SB, X, + 5 sind) rithm works in practice. The left of
0= 450 the figure shows a simple layered ma-

'_S> terial in which all layers are perfectly
A by  aligned with the x-axis. At point (a)
G M1 r a trial fibre orientation of § = 45° is
considered, the sub-plot shows how the
— grey scale varies rapidly over the fibre
s length, whilst at point (b) a trial fibre
orientation of # = 10° closer to the real
orientation shows a much smaller vari-
ation in grey-scale. Figure 3 (right), shows a plot of J against 8, which obtains a minimum at the true
fibre orientation ¢ = 0°.

Figure 3: (left) Layered Example (Right) Plot of 7 against 6

The complete alignment field is ap- 50
proximated by calculating ¢ at N ran- 100
domly distributed points (x?,y@). A 25
smooth approximation for ¢(x,y) is %5 200
generated by fitting a surface, defined 250

on a uniform grid of size & , to the 300

data in the least square sense (see MAT- 50 100 150 200

LAB’s toolbox gridfit [9] ). These pixels

two steps are important enhancements 50 ' ' !
to the algorithm that enable improved 100

image processing of low resolution im- 2 159

ages typical of B-scan data. The initial 3200

evaluation of fibre alignments at ran- 250 0.2
domly distributed points is important 300 0
because it removes errors which arise as 50 10;2ix els 150 200

artifacts of the pixel grid. The smooth-

ing (or surface fitting) process dimin- Figure 4: Above: Alignment map generated by the algorithm;
ishes the influence of a single evalua- Below: Synthetic wrinkle

tion point, effectively damping highly

localised misalignments on a scale smaller than the grid size . Often such smaller scale features are
non-physical and are simply a result of poor image resolution at that point. The resulting alignment map
obtained from the test wrinkle is shown in Fig.4.
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Figure 5: Estimation of wrinkle wavelength

2.3. Estimation of wrinkle wavelength, location and amplitude

To determine wrinkle characteristics it is useful to introduce the mathematical quantity ®"(x) such that,

1 (b z
@ =( [ o) (©)
2 Jo
where ¢(x, y) is the alignment map and L, is its height. Obviously, ®'(x) is the average through thickness
misalignment shown in Fig.5a. The wrinkle wavelength can then be estimated by calculating the auto-
correlation function, see Fig.5b, of the misalignment map parallel to the layer direction

E[(®'(x) = (@' (x +7) — §)]

R(7) := —
E[(®!(x) — ®1)?]

(N

The wavelength is calculated as the lag-distance 7 = A at which the autocorrelation function is equal to a
(i.e R(1) = @). From the literature on fibre waviness correlation lengths [7], surface roughness measures
[10] and turbulent flow experiments [11] a value around @ = 0.1 is used. The suitability of this value can
be seen in Fig.5.

Analytically, the span i.e. the x expanse of the wrinkle or the central wave of the localised wave function
g(x,y) in the working example defined by (1) is

A(g(x,0)) = 2.05mm for A(0) =0.25, A(max)=0, & =&6=2 ()

whereas the algorithm approximates it to be 2mm resulting in an error of 2.5%. Here, the pixel dimen-
sions in the x and y directions of Fig.4 (lower) are %mm and 3g'—gmm, respectively.

The average wrinkle, as defined by (6) for n = 1, reveals two distinct peaks that are useful in the
quantification of its characteristics. The peaks represent the locations of maximum slope on either side
of the wrinkle but the critical property of the waveform in Fig.5a is its period which is equal to the span
of the wrinkle.

Before describing how the location of the wrinkle is found, two mathematical quantities are defined.
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Figure 6: Process of locating the wrinkle

Firstly, a stepped function yr for the set I' := [0, 1] where

1

xr(x) =
0

-1

0<x<4%

d<x<A
x¢l

®

and secondly its cross-correlation with ®'(x) defined as

(@' % xr) (@) ::f

B o' (xr(x—71)dx

—00

(10)

for all lag values 7. The location can be approximated by finding the value of 7 € [0, L], denoted 7*
which minimises the integral in (10) so that the centre of the wrinkle is at x* = 7* + A4/2. L, is the length
of the image in the x-direction in pixels. Figure 6 demonstrates how this process works.

Remark: The cross-correlation (10) is defined as an integral over R, yet the function ® is defined over
only a finite interval. In this case @ is extended to the real line by zeros.
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Figure 7: Filter position at P2

some exceptional cases where the filter may fail.

The convolution between yr and ® has a distinct
global minimum at P2, see Fig.6b. The corre-
sponding position of the filter with respect to the
intergrated signal (Fig.5a) is shown in Fig.7. P1
and P3 mark the extreme values of convolution
for this particular signal. To locate the wrinkle,
the filter is passed over the signal from left to
right and then in reverse. The convolution func-
tion generated on both passes is averaged to yield
Fig.6b. Moreover, asymmetric or non-prismatic
wrinkles are better estimated by filtering the sig-
nal forwards and backwards. Additionally, the
double step filter ensures that it only recognises
a particular wrinkle and discards any feature that
does not have the same span although there are
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Finally, the average wrinkle amplitude is approximated by the function below when n = 1,

*

X
Ap = f tan ®"(x) dx (11)
x*=1/2

With the defect located, the map of one half of the wrinkle is extracted for further processing. The
average wrinkle amplitude described by (12) is 0.126mm which is within 1% of the analytical solution,
0.125mm. In this example or other similar data, the mean is not a very useful estimate. The maximum
amplitude can be estimated by evaluating (6) and (12) for n > 1 where the mean tends towards the
maximum with increasing n. The function is convergent and Agp = 0.241mm. In comparison with the
analytical solution, the error in the maximum amplitude is within +5%.

3. Results

The B-scan shown in Fig.8 give an idea of the poor signal to noise ratio across the image with the
exception of a thin band of relatively high quality in the upper half of the scans. The analysis was
carried out only on this region of interest (ROI). By inspection one can say that the amplitude or span of
the wrinkle within the ROI is not highly varied. Combined with the imaging error, the average wrinkle
profile across the ROI is the most reliable set of data to use for the estimation of wavelength and location.
Furthermore, anomalies like ply discontinuities or other highly localised features are less likely to have
an influence on the result. Consequently, the measured average span of the wrinkle in Fig.8 is 3.6mm
with an amplitude of 0.17mm over the ROI. However, it must be iterated that the algorithm only returns
the largest of the wrinkles in cases where multiple defects are present.

The accuracy of the results depends on the number of sampling points amongst other parameters. Each
run of the algorithm has an element of randomness to it which derives from the random selection of
sampling points. The results presented in this paper were obtained using a distribution of points such
that there was virtually no randomness.

100 150 200

(a) Sample coupon 1f024 (b) Alignment map of the highlighted section of 8a

Figure 8: Real B-scan

Remark: The pixels in Fig.8 represent approximately 8 times the distance in the y-direction compared to
the x-direction making the wrinkles appear much larger than they are.

A priori knowledge of the scan geometry along with the computed location and size of the defect enable
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a 2D reconstruction which is prismatically extruded into the third dimension. Using GmsH the focussed
region is reconstructed as opposed to the entire scan area. Modifying the limits of (12) to

Xi
A, = f tan®"*(x) dx for x*—A/2<x;<x" (12)
x*=1/2

where x; is any point within the span of the wrinkle, enables a series of points to be defined in the x-y
plane and splines fitted to them creating ply boundaries. Each ply is defined as a separate surface bounded
by its respective splines. Surfaces can be extruded to form volumes with unique labels. Any feature in
the 2D geometry gets extruded prismatically. The reconstructed model can be padded with additional
layers on both sides symmetrically or otherwise wherein the wrinkle is assumed to decay linearly to zero
amplitude at the boundaries. 5 plies constitute the focussed region of Fig.9 padded with 3 plies on the
inner arc and 7 on the outer side. FE analysis can be carried out on such a mesh as shown by the work of
Fletcher et. al. [12]

=

-

7/

Figure 9: 1f024 reconstructed

4. Concluding remarks

Wrinkles, amongst other defects, can often lower the strength of a composite part significantly. With
the cost involved in destructive testing, an alternative solution is highly desirable. This paper presents
a method of extracting wrinkle characteristics like wavelength and span from B-scans automatically
providing the advantage of repeatability and reliability which are important if concessions are to be
made on the part strength based on a wrinkle. The strength of the algorithm lies in its ability to handle
low resolution data typical of B-scans. The wavelength, span and location of the test wrinkle show good
agreement with the analytical results. The data obtained from B-scan also agrees well with the manually
extracted data. With models reconstructed from actual scan data, such defects can be analysed using
finite element methods much more accurately thus enabling manufacturers to make better predictions of
knockdown factors.
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