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Abstract. During the complex shape forming of composite fibrous reinforcement, the planar bending of roving tows results
in an out-of-plane deflection, along with a rotation on its central axis. The need to accurately follow and quantify the
mechanism of formation of such defect has led us to consider two 3D imaging techniques, of which, have been tested and
compared in this work.

INTRODUCTION

Seventy percent of parts of the automotive sector are metallic and relate to structural and semi-structural parts. A
double ecological approach (reduction of the mass of the parts to reduce CO, emissions and recyclability of materials)
justifies the choice of composite materials with bidirectional reinforcements in natural fibers to replace these metallic
materials.

The feasibility of manufacturing complex and specific geometry, such as structural parts, without defects, by a
process with a high cost / production rate / accessible shape ratio, such as reinforcement stamping, is a major scientific
challenge. This feasibility depends on the geometries of the shapes to be produced, but also on the architectures of the
reinforcing textile at macroscopic and mesoscopic scales.

If some defects, such as wrinkles may appear in the shaping of technical textiles, have been extensively stud ied
[1-3], it is not the same for the tow buckling defects leading to gaps and discontinuities in the reinforcing fiber structure
[4,5].

This paper will propose a study of these tow buckling defects detected with different optical systems such as the
Stereo-DIC and focus-variation microscopy. When the last technique make it possible to reconstruct a relief with a
very good resolution and accuracy, the first one allows in addition, to access to the displacement and strain undergone
by each point of the measured surface. The defect is studied independently of the process with a device specially
designed. The experimental set-up will make it possible to carry out a multi-scale kinematic analysis of the tow
buckling phenomenon in estimating the height and elevation profile of the buckle and the strains undergone by the
fibers.



EXPERIMENTAL SET UP

Tow Buckling Device

The buckling defect is mainly the result of a combination between the bending of tows in their plane and level of
tension applied to the tows perpendicular to the ones showing the buckles. A device has therefore been designed to
impose separately in-plane bending angles to the tows showing the buckles and variable tensions in the perpendicular
tows. The design of the mechanical part of the device was described into details in [5] and is summarized in Fig. 1.
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FIGURE 1. Principle of the tow buckling device

The devise is instrumented with load sensors and DIC (Digital image correlation) system. The geometry of the
samples is adapted to maximize the buckling zone. The samples are maintained by jaws in two directions with
different tensions. (300N for the load 1 and 20N for the load 2).

The jaws which make it possible to apply the load 2 undergo an in-plane circular translation (Fig. 1. (b)).
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FIGURE 2. Bending angle measurement

By using DIC with one camera and the software GOM ARAMIS ®, it is possible to follow the displacement of
the jaws and then estimate the angle of curvature of the bended tows. Markers are glued on the jaws and the DIC
software will allow to follow their movements in the plane and the evolution of the distance between them. The
bending angle can be calculated from this distance (Fig. 2).



Measurement systems

Stereo-DIC

The stereo-correlation (SDIC) system used is composed of two digital cameras capable of capturing twelve images
per second associated with the software GOM ARAMIS ®. Stereo correlation is a full field measurement method that
combines digital image correlation (DIC) and stereovision.

The DIC makes it possible to determine on plane displacement of a planar object by recording an image at each
state of deformation of this object. Given two images corresponding to two deformation states of an object, to
determine the correspondent of a point and its signature of the first image in the second, a similarity function is used.
In practice, a single value is not the unique signature of a point, hence neighboring pixels are used. The matching of
images acquired by only one camera, at different times, on an object which becomes deformed is called temporal
matching, or tracking. From its principle, the correlation technique can function correctly only with objects having a
surface with a sufficiently random texture. If the object is not naturally textured or if its texture is not sufficiently
discriminating, various techniques exist to allow the use of correlation (paint projection).

Stereovision is based on the principle that the depth information (3D) can be obtained by triangulation starting
from two images having a common part in their field of sight. Obtaining this data involves the calibration of the
stereoscopic vision sensor. The calibration of a camera is an important stage in dimensional metrology by artificial
vision. Calibrating a camera consists in determining its intrinsic parameters. Calibrating a stereovision sensor made
up of two dependent cameras involves determining the intrinsic parameters of each camera, as well as the position
and relative orientation of both cameras. These calibration parameters are necessary to calculate, by triangulation, the
three- dimensional co-ordinates of a point corresponding to pixels matched in the two images. The matching of two
acquired images, at a given moment, by two dependent stereoscopic cameras is called matching by stereo-correlation.
The measurement of 3D displacement fields using stereovision implements simultaneously a temporal matching
technique and a stereo-correlation matching. The correlation technique can also be used to seek stereo-correspondants
starting from a pair of stereoscopic images. Note that an essential difference distinguishes temporal matching by
correlation from matching by stereo-correlation: in the case of the stereovision, there is a geometrical constraint known
as epipolar which can guide research into the stereo-correspondant.

1. array detector;, 2. lenses, 3. white light source,
4. beam splitter;, 5. objective, 6. specimen,
7. vertical scan, 8. focus curve, 9. light beam,
10. analyzer, 11. polarizer, 12. ring light

FIGURE 3. Schematic diagram of a typical measurement device based on focus variation [6]



The microscope used is an InfiniteFocus, Alicona ®. It is a topography measurement system that uses the principle
of focus variation. This system captures images of the surface to be measured by varying the focal length. Thanks to
a contour detection algorithm, the image corresponding to the best focus is selected for each point on the surface. It is
then possible to connect the image to the focal distance and therefore to the relief of the surface.

The schematic diagram of the focus variation microscope is shown in Fig. 3.

RESULTS

The tests were performed on two types of textiles. Both are linen. The first is a sized up linen, Serge 2x2and the
second is a desized linen, plain weave (B). Fig. 4 illustrates these two textiles.

(b)
FIGURE 4. Textiles used — (a) Sized up linen, Serge 2x2, (b) desized linen, plain weave (B)

Taking into account the peculiar nature of the reinforcement, two major problems had to be overcome to fully use
the stereo-correlation. The first problem was the abundant stray fibers and fiber ends that pokes out of linen
reinforcement. These fibers are so fine that they blend in the plane of the reinforcement while they are several
millimeters out-of-plane. This led to a several decorrelation across the surface and required the reinforcement to be
shaved down. The second problem was that the linen fiber was overly reflective. A thin layer of white revealing
powder was applied to decrease the reflection and a light black speckle was applied on top by paint spray cans to make
the contrast needed for the correlation.

FIGURE 5. Reconstructed surface obtained by focus-variation microscopy

During the buckling process, tow’s bending leads to a displacement of transversal tows, while longitudinal tows
will remain still. Tows will overlap and cover parts of the preexisting speckles while also leading to the appearance
of speckle-less areas. This will eventually cause the loss of correlated information overtime.

Focus-variation microscopy eliminates the need of a speckle. The transcribed surface is much more accurate with
100nm of vertical resolution for the confocal microscope against 21pum for the stereo-correlation.
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FIGURE 6. Profile of a tow of sized up serge 2x2 obtained by focus variation microscopy (a) and SDIC (b) for different
curvature angles. Out of plane displacements of the tow obtained by SDIC (c).

The microscope offers a great accuracy in the reproduction of the surface, as the Fig.5 shows, the shape of the
section is clearly defined and offers precise pinpoint 3D localization of each point. Yet going from step to step is a
more difficult endeavor. Taking into consideration that the microscope has no meaning of following the displacement
and the complex kinetic of the tow’s deflection coupled with the rotation involved in the buckle’s formation, it is
extremely difficult to get the displacement out of the acquired data curves, that were by default aligned in the graphs
using the best fit method which will try to negate the displacement in certain cases (Fig.7). On the other hand, the
stereo-correlation setup provides us with both the shape and the displacement of each correlated point as shown by
Fig.6 (b), Fig.6 (c), Fig.7 (b) and Fig.7 (c). The displacement is crucial in a future experimental design to be able to
predict the formation of a buckle, while the shape of the tow is of interest since early experimentation suggests that

the initial layout of the tow seems to influence the final maximum elevation.

TABLE 1. Maximum elevation and rotation measured by stereo-DIC and microscopy for both textiles

Reinforcement

Curvature angle (°) Maximum elevation (mm) Rotation
©
SDIC Microscopy SDIC Microscopy
Sized up serge 2x2 25 0.26 0.3 5.24 6.51
Linen plain weave (B) 35 0.69 0.72 12.7 14.1

Still, with both techniques shortcomings, the comparison between the two is pretty interesting. By recentering

results and aligning the steps of microscopes graph (releve de surface microscope diapo 6 et 7) around the lower tows,

which variations are less prominent than the upper buckling tows, we are able to get an idea of the displacement and

rotation of the buckle. The results of both setups are displayed in the TABLE 1.
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FIGURE 7. Profile of a tow of linen plain weave (B) obtained by focus variation microscopy (a) and SDIC (b) for different
curvature angles. Out of plane displacements of the tow obtained by SDIC (c).

By comparison, the recorded values with both setups are fairly similar and from the same order of magnitude with
small differences that were expected, since the same experimental conditions couldn’t be exactly replicated in both
setups. This allows us to validate the results obtained from the SDIC.

While the variable focal microscope is able to provide a fairly accurate recreation of the surface, the amount of
data that are available in the stereo-correlation, the relative accuracy and time effectiveness makes it a more convenient
choice for the measurements. In future work, it is to be compared with the fringe projection technique.

Plotting the maximum elevation and angle of rotation of the tow versus the curvature angle as shown in Fig.8 gives
us an idea of the kinetic involved the formation of the buckle and shows us the influence of the contexture of the
reinforcement. While the plain weave has larger tows than the serge, they deflect less and rotate less due to the lack
of unsupported length.
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FIGURE 8. Maximum elevation (a) and angle rotation of the tow (b) as a function of the curvature angle.



CONCLUSIONS

By comparison, the recorded values with both setups are fairly similar and from the same order of magnitude. The
small differences were expected since the same experimental conditions couldn’t be exactly replicated in both setups.

While the confocal microscope is able to provide a fairly accurate recreation of the surface, the amount of data that
are available in the stereo-correlation and the relative accuracy makes it a more convenient choice for the
measurements. In future work, it is to be compared with the fringe projection technique.
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