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Abstract This paper examines different concepts in
relation to the picture-frame test for shear characteri-
zation of a woven prepreg fabric. The influence of the
sample arms is investigated by means of cut slits as well
as removed transverse tows. Shear angles are obtained
using Digital Image Correlation (DIC) and also from
images taken during the test which are processed for
fiber angles directly from the weave texture. The image
processing relies on the Hough transform in MATLAB.
The concept of constant shear strain rate is discussed
and implemented in the test software by a multi-linear
crosshead velocity profile. Finally, bias-extension data
are obtained and used for comparison. It is found that
the sample arm modifications have a pronounced effect
on the measured shear load whereas the uniformness
of the shear strain field in the samples is not improved
considerably.

Keywords Woven carbon fiber prepreg - Shear
characterization - Picture frame testing - Image
Analysis

1 Introduction

During the forming of woven fabrics, a significant amount
of shear or trellising occurs. This deformation mecha-
nism has long been recognized as the most important
when an initially flat piece of fabric undergoes defor-
mation to a double-curved shape (Nguyen et al., 1999).

Christian Krogh (corresponding author)

Department of Materials and Production, Aalborg University,
Denmark

E-mail: ck@mp.aau.dk

Kari D. White - Alessandro Sabato - James A. Sherwood
Department of Mechanical Engineering, University of Mas-
sachusetts Lowell, USA

Naturally, the shear properties of the fabric must be
characterized if the forming behavior is to be accurately
predicted in a simulation code. To this end it is com-
mon practice to use either the picture-frame test or the
bias-extension test to do this characterization.

The picture-frame test uses a square frame with
hinged corners. A test sample is clamped in the frame
with the fibers oriented parallel and perpendicular to
the frame edges. One frame corner is held stationary
while the opposite corner is displaced such that the
sample theoretically is subjected to uniform shear. The
test has been applied to a number of different materials
such as thermoplastic woven glass fibers (Peng and Cao,
2005), dry woven carbon fibers (Nguyen et al., 1999),
woven carbon fiber prepreg (Mohan et al., 2016), Uni-
Directional (UD) carbon fiber prepreg (Harrison et al.,
2002), and thermoplastic cross-ply polyethylene fiber
sheets (Dangora et al., 2015).

There are a number of known issues in regard to
the picture-frame test. First, the test is sensitive to the
clamping boundary conditions as discussed by Harri-
son et al. (2004). If fiber tension across the sample is
too low, the sample might not shear to the same extent
as the frame. On the other hand, if the tension is too
high, then the results might be compromised - espe-
cially if the sample is misaligned in the frame. Second,
because of the frame design with the clamping area and
the hinges, the samples are in general not square but
cruciform. Therefore, the “arms” of the sample could
also influence the measurements in the gage area in the
center of the sample.

To avoid the contributions from the sample arms
when testing woven materials, some researchers remove
the transverse tows from the arms before testing, see
e.g. Lussier (2000), Zhu et al. (2007), and Peng and
Cao (2005). However, based on a benchmark study with
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contributions from several research groups (Cao et al.,
2008) there exist no general practice regarding the sam-
ple arms. The results from the paper do in fact not
suggest differences between samples with and without
transverse tows in the sample arms. However, due to
the many variations in test setups and practices among
the participating research groups, this conclusion is not
decisive. In the paper, it was discussed how one should
be careful not to alter the sample tightness or local fiber
orientations when removing the transverse tows.

For some materials, the transverse fibers are not so
easily removed. Dangora et al. (2015) studied the effect
of sample arms in the picture-frame test with thermo-
plastic preconsolidated UD cross-ply. Slits were cut in
varying widths and also the polyurethane matrix was
dissolved to achieve a condition of “infinite slits”. A
significant influence of the sample arms was found and
only the infinite-slit condition test data provided good
agreement in a finite element (FE) simulation.

In the picture-frame test, it is often assumed that
the shear strains are uniform in the gage area such that
a global shear force and shear strain can be obtained
from a kinematic and static analysis of the frame. It is,
however, common practice to use either Digital Image
Correlation (DIC) measurements or to manually check
the fiber angles from pictures of the test as a validation
(Cao et al., 2008).

The manual identification of fiber angles from pic-
tures can be alleviated by using image processing tech-
niques. Harrison et al. (2008) presented a program that
uses lines drawn on the samples before testing to iden-
tify the shear angles. However, the authors noted that
the finite thickness and the varying contrast of the lines

would introduce noise into the measurements. Arumugam

et al. (2016) conducted picture-frame tests of 3D tex-
tiles with a grid drawn on the test samples. Pictures
taken during the test were analyzed using a Hough
transform to recognize straight lines. Other researchers
have obtained fiber angles directly from the weave tex-
ture. See for instance the study by Olson et al. (2017) on
parachute suspension lines. Lastly, it should be noted
that advanced commercial laser measurement systems
exist, which was e.g. applied by Krieger et al. (2015)
for the bias-extension test of NCF.

A final point regarding the picture frame is, that it
does not produce a constant shear angle rate when dis-
placed at a constant crosshead rate. Rather, the shear
angle rate is a nonlinear function of the crosshead move-
ment. This statement is evident from the aforemen-
tioned kinematic relations between the crosshead dis-
placement and the shear angle. The behavior must be
taken into account when testing rate-dependent mate-

rials such as prepregs and e.g. comparing the test data
to bias-extension data.

A number of remedies to the non-constant shear
angle rate have been discussed in the literature. Har-
rison et al. (2002) used the picture-frame kinematics
to generate a nonlinear crosshead vs. time expression
that yields a constant shear rate. It was implemented
on a standard universal test machine. However, addi-
tional control software was needed to achieve the non-
linear crosshead movement. It was reported that the
use of a constant shear rate resulted in less variabil-
ity in the data. In the study by Lebrun et al. (2003),
picture-frame and bias-extension data were compared.
The shear angle rate was taken into account by using
a calculated ratio between the two crosshead speeds
which ensured an equal (but varying) shear angle rate.
Harrison et al. (2004) developed normalization equa-
tions for the picture-frame test and the bias-extension
test that allows for comparison. By normalizing the two
types of test data by their respective crosshead rates,
good agreement was found in the comparison.

The overall goal of this paper is to investigate the
shear characterization of a woven prepreg fabric using
the picture-frame test. This investigation involves the
influence of the cruciform sample arms on the gage area
and how fabric shear angles can be acquired. Regarding
the sample arms, the transverse tows are not easily re-
moved due to the resin, and an approach similar to that
of Dangora et al. (2015) will be taken, which involves
cut slits and dissolved resin. The details hereof are pre-
sented in Section 2. The influence of the sample arms
is inspected by considering the load required to shear
the sample as well as the distribution of shear angles in
the sample. Regarding the latter, the kinematic analy-
sis does not suffice, for which reason a full-field method
is needed. Here, the well-proven DIC is employed and
it is also investigated if the fabric angles can be ac-
quired based on the weave texture from images taken
during the test. More specifically, the Hough transform
is applied in this analysis. The data acquisition meth-
ods are presented in Section 3. The rate-dependency
of the prepreg fabric is taken into account by testing
at a constant shear rate. A nonlinear expression for
the crosshead is generated and approximated using lin-
ear segments. The segments are readily implemented
as ramps in the standard Instron® Bluehill software.
The procedure is elaborated in Section 4. The results
of the paper are presented in Section 5. It is shown
that the sample arm modification mainly influences the
measured shear load. To address potential issues with
the clamping boundary conditions, the picture-frame
data are compared to results from a bias-extension test.
While this test has a number of drawbacks, the tows are
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Fig. 1 The picture frame with a mounted sample. The frame
has an amplifying linkage mechanism.

always untensioned, and thus the test can be used to
verify picture-frame data as suggested by Harrison et al.
(2004). Good agreement between the two tests is found
provided that the proper sample area-normalization is
carried out. The paper is ended with a discussion in
Section 6 and a conclusion.

2 Test Samples

The material used in this study is a 4-harness satin-
weave carbon-fiber prepreg with a bismaleimide (BMI)
resin. The thickness is 0.3 mm and the areal density is
314 g/m?. The resin causes the material to exhibit vis-
coelasticity. As a consequence, the shear force required
to shear the material depends on the rate of shear.
This rate-dependency was verified in a previous study
with the prepreg material using the bias-extension test
(Krogh et al., 2019). The viscoelasticity makes the shear
response different from that of dry fabrics. The testing
temperature is also a factor because the viscosity of the
resin is dependent on temperature. In this study, all
tests were carried out at room temperature.

Figure 1 shows the picture frame including the am-
plifying linkage mechanism with a mounted sample.
The amplifying linkage mechanism respectively increases
the displacement and decreases the force on the frame
by a factor of 4.25 in comparison to the crosshead val-
ues. The basic sample type is a cruciform with an arm
width equal to 62 tows or approximately 136 mm, i.e.
the maximum width that fits in the frame. The test
sample is cut from the stock material by means of a
utility knife and a ruler. The basic sample type serves
as the reference and will be referred to as having full
arm geometry. To investigate the influence of arm ge-

Fig. 2 Transverse tows removed from sample with comb and
tweezers after submersion in ethanol.

ometry, the basic sample is modified in two ways: By
cutting slits and by removing the transverse tows.

The cutting of slits is likewise carried out with the
utility knife and the ruler. The slits are cut with a dis-
tance increment of 3 tows, and thus, the total number
of slits in each arm is 20.

To remove the transverse tows, the resin must be
dissolved. For this purpose ethanol was selected be-
cause it dissolves the uncured BMI resin without dam-
aging the carbon fibers according to chemical resistance
charts. Each sample arm was submerged in a tray with
ethanol for a few seconds after which excess ethanol was
wiped off. Care was exercised not to get any ethanol
on the gage area of the sample. Next, the sample was
placed on a cutting board, and a ruler was placed on
top on the boundary between the gage area and the
arm. A comb was used to remove the transverse tows.
Only a few tows were removed at a time, starting from
the free edge. Near the gage area, tweezers were used
to remove the final transverse tows. The end result is
depicted in Fig. 2.

Using the approach outlined above, it was found,
that the remaining tows would still be coated with resin.
For the sake of easier mounting in the frame, it was
decided not to remove that resin and thereby keep the
fibers bundled. Also, in relation to the mounting of the
sample in the frame, it was found preferable to comb the
samples while on the cutting board and wrap the arm
ends in masking tape before transferring the sample to
the frame.

Both the cutting of slits and removing of transverse
tows are cumbersome tasks that take about 10 - 15
minutes per sample. This time must be added to the
cutting of the basic cruciform sample. If DIC is used,
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(see Section 3.2) then even more time must be added
for sample preparation.

A wooden fixture was made to keep the frame stable
while mounting the sample. The fixture has a surface to
support the sample which is flush with the frame. In this
way, the effect of varying fiber tensions was diminished.

3 Data Acquisition and Processing

In this section, the different methods of data acquisi-
tion that were employed in the study are presented and
discussed, i.e. data from the crosshead, DIC and image
processing using Hough transform.

3.1 Crosshead Force and Displacement

Crosshead force and displacement were recorded in the
picture-frame tests with the Instron Bluehill Universal
Testing software. The load cell used had a capacity of
5 kN and an accuracy of 0.1 %. The formulas used to
calculate the shear strain and shear force are typical
for picture-frame analyses (Harrison et al., 2004; Cao
et al., 2008; Launay et al., 2008; Jauffres et al., 2010).
The global shear angle, ~, of the sample is geometri-
cally related to the length of the frame, Ly, and the
crosshead displacement, § through the equation:

1 )
v = g — 2arccos (E + E) (1)
The shear force, Fsp, on the fabric is also a function of
the global shear angle and the crosshead force, F":

F

Fon = 2cos (- 2)

2)
Peng et al. (2004) used a method of normalization for
cruciform sample testing based on energy conservation
through work done per volume. Using an assumption
of zero contribution of load from the arms and uni-
form shear deformation in the gage area, the shear force
can be normalized over the gage area with side length
Ly, while also taking the frame length into account.
Combining these into a single expression yields (Jauf-
fres et al., 2010):

Le P
17 2eos (5 3)

3)

Fsh,nmﬂmigage =

3.2 Digital Image Correlation

For digital image correlation, a sequence of digital im-
ages is compared to an initial reference image. A dis-
placement field can be calculated from the local defor-
mation of the isotropic pattern within a subset window

Fig. 3 Slitted arm sample with DIC pattern mounted in the
frame.

or facet. Differentiation of the displacement field will
yield the local strain of the sample. A strain window is
used by the differentiation algorithm, defining the num-
ber of neighboring facets. A large strain field will yield
less noise, but also less spacial resolution. Two cameras,
installed at different angles with respect to the sample,
are required for 3D DIC. Strains are calculated in the
tangential plane of the object (Lomov et al., 2008).

Digital image correlation was performed with an
Aramis 3D digital imaging setup. The specifications of
the setup are found in Table 1. The analysis was per-
formed with a facet size of 10 x 10, an 8-pixel step
and linear shape function. The strain window was set
to 3 points with the strain resolution being 0.05°. The
samples were patterned by first applying a thin coat of
white spray paint to reduce glare. A uniform dot pat-
tern was then applied using lightly sprayed black paint
with a stencil. The holes of the stencil were approxi-
mately 3 mm in diameter, spaced 5 mm center-to-center
on the diagonal. The use of the stencil helped to achieve
an even ratio of white and black paint as well as the
right speckle size. Notice, that the size and spacing of
the holes in the stencil are not a direct measure of the
spatial resolution because the pattern is still considered
random. The patterning of the sample mounted in the
frame is shown in Fig. 3.

The previous discussion of DIC has illustrated, that
the method relies on an applied pattern which enables
the correlation between the deformed and the unde-
formed samples. The first question is whether the paint
affects the measurements. This point is up for debate as
some authors have reported that the paint applied for
DIC does affect the results (Harrison et al., 2018) while
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Table 1 DIC setup in Aramis. The shear strain resolution is
computed as the standard deviation of two still image strain
maps.

Technique used 3D DIC

Sensor and Digitization 1624 x 1236, 8 bit

Lens and Imaging Distance 8.5 mm, 0.6 m
Recording frequency 10 Hz

Facet, step 10 x 10, 8
Shape functions Linear

Interpolation of 3D points Max. 3 points

Filtering Median 5 x 5, 3 runs
Strain window 3 points
Shear strain resolution 0.05°

others have reported that there is no influence (Jauffres
et al., 2010). In a comparison between different samples,
it can be assumed that the paint affects all the samples
equally (Dangora et al., 2015). Next, because the refer-
ence configuration is recorded after the sample has been
mounted in the frame, it does not contain information
about any possible unintended pre-deformation. That
is, the fiber directions could be different from +45° be-
fore the test is started. Lastly, the selection and ap-
plication of a proper pattern can be a time consuming
task. These issues are the motivation for looking into
alternatives.

3.3 Image Processing using Hough Transform

The idea of the image processing setup is to identify the
fiber angles directly from the weave texture which alle-
viates the issues discussed above. The tows will appear
as straight lines in the images which can be detected
using the Hough transform algorithm. The method is
useful for finding lines in images, even if the input image
contains sparse or broken lines (Marques, 2011). Fig-
ure 4 depicts the principle of the algorithm in Cartesian
coordinates. The figure shows two coordinate systems,
namely the Cartesian space and the Transform domain.
In the Cartesian space, two points, (z1,y1) and (z2, y2),
are located, which represent two points in a recorded
image. The Transform domain represent possible lines
in the image, i.e. on the form y = ax + b. Many lines
passing through the point (z1,y1) can be generated and
vice versa for the the point (x2,y2). Each of those lines
map to a point in the transform domain. However, only
one line passes through both points and that line is ex-
actly given by the intersection point in the transform
domain.

In practice, the algorithm operates in polar coor-
dinates with the parameters p (perpendicular distance
from the line to the origin) and 6 (the angle between the

v y = ax + by
X

Cartesian space Transform domain

Fig. 4 The principle of the Hough transform in Cartesian co-
ordinates with two points.
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Fig. 5 Steps in the fiber angle detection using Hough trans-
form. (a) Binary image from edge detection, (b) lines detected
for Fiber 1 family (c) lines detected for Fiber 2 family.

line’s perpendicular and the horizontal axis) to avoid
infinite gradients of vertical lines.

The implementation of the fiber angle detection in
MATLAB is now explained. The first step is to crop the
image to the Region of Interest (ROI), i.e. the gage area.
To ensure an even distribution of detected fiber angles
throughout the ROI, the image is divided into a grid of
cells, which shall be referred to as Hough cells. The idea
is to detect a small number of lines (i.e.angles) within
each Hough cell as shown in Fig. 5. The steps in the fig-
ure are elaborated in the following. First, in each Hough
cell, Contrast-limited adaptive histogram equlization
(CLAHE) is applied to make sure that the image uti-
lizes the entire range of gray-scale values. Hereafter, the
image is sharpened using unsharp masking. Then, the
cell is ready for the edge detection using the Canny al-
gorithm followed by the Hough transform. The Hough
transform is carried out for each family of fibers where
the distinction is achieved by careful choice of the 6-
values to search for: Using the frame angle associated
with the current image and a specified tolerance, a de-
sired range of f-values can be calculated. Upon com-
pleting the analysis of all Hough cells, tows in the entire
sample will have been detected.

To obtain a contour plot of the shear angle distri-
bution, a grid of so-called Contour cells is introduced.
Notice, that these are different from the Hough cells.
The following is repeated for each family of fibers. For
each contour cell, the detected fiber tows enclosed by
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the Contour cell are found, and the median value of
the fiber angles together with the coordinates of the
Contour cell center are stored in arrays. The array of
Contour cell shear angles is then filtered using a 2D
median filter. Next, a C! continuous surface is inter-
polated based on the coordinates and angles. Finally,
the fabric shear angle distribution surface is obtained
as the difference between the two interpolated surfaces.

4 Constant Shear Strain Rate Data

It is well established that prepreg fabric exhibits a rate-
dependent behavior due to the presence of the viscous
resin. To this end, constant shear rate data are of in-
terest for two reasons: 1) For comparison with bias-
extension test data at the same constant rate and 2)
For use in forming simulation codes where test data can
be input directly as the constitutive law. For instance,
with the Abaqus fabric material model (Dassault Sys-
témes Simulia Corporation, 2014), stress-strain curves
of constant strain rates can be input. Then by using in-
terpolation, other strain rates are achieved in the ma-
terial model. The testing at a constant shear rate is
explained in the following.

4.1 Testing at a Constant Shear Rate

The approach for testing at a constant shear rate is
as follows. First, a constant shear rate expression for
the crosshead movement vs time is obtained. Next, this
expression is approximated using linear segments such
that it can be implemented in standard test machine
software. In this study, the TestProfiler module in Blue-
hill 3 by Instron® is utilized.

For this study, the test shear rate was chosen such
that it corresponds to the initial shear rate when testing
at a crosshead rate of 100 mm/min. The shear rate is
equal to 0.046 rad/s or 2.66 °/s.

The kinematic picture-frame relations were presented
in Section 3.1. Using these equations, the following dif-
ferential equation can be obtained (see also Harrison
et al. (2002)):

o+ Lev2)’
2 B L2

ity =12 (@
Using the initial condition 6(0) = 0, a closed form so-
lution to Eq. (4) can be obtained. The expression, d(t),
is rather long and is not presented here. It is instead
visualized in Fig. 6 which consists of a crosshead move-
ment vs. time graph and a shear-strain rate vs. time
graph. The solution to Eq. (4), 6(¢), (red dashed line)
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Fig. 6 Constant crosshead rate vs constant shear rate and a
multi-linear approximation.

is compared to a constant crosshead rate (solid black
line with circles) and the multi-linear approximation to
the constant shear rate expression consisting of 20 seg-
ments (solid blue line). From Fig. 6, right graph, it is
seen that the constant crosshead rate results in an in-
creasing shear-strain rate over time. In fact, the rate
increases by a factor of 2.4 over the course of the test.
The constant shear-rate crosshead movement and its
multi-linear approximation are indistinguishable in the
graph to the left whereas differences can be observed
on the graph to the right where the rate is considered.
Still, the multi-linear approximation is seen to provide
a good approximation of the constant shear-strain rate.
The slopes of the linear segments are obtained by di-
viding the nonlinear expression into 20 evenly spaced
time intervals and computing secants using the start
and end points of each interval. All three curves dis-
place the crosshead 25.4 mm (1 inch) which results in
a frame displacement of 108 mm due to amplification
linkage.

The 20 linear segments can readily be implemented
as ramp segments in the TestProfiler module in Bluehill.
In the first step, the crosshead is moved until the empty
frame plateau load of 100 N is reached. Notice that this
rather high load is an effect of the amplifying linkage
mechanism. Hereafter is the actual 20 segment ramp
program executed.

5 Results

This section presents the results from the sample arm
geometry study using DIC and Hough transform and
finally the comparison to bias-extension data.

5.1 The Influence of Sample Arm Geometry

The influence of the sample arm geometry is evaluated
by two different approaches. First, the influence on the
measured shear load is examined. Next, it is investi-
gated how the different sample arm geometries affect
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Fig. 7 Crosshead force vs. displacement curves for samples
with full arms, slitted arms and arms with transverse tows
removed respectively. Notice that these crosshead values are
different from the frame values due to the amplifying linkage
mechanism.

the state of the shear strain field in the gage area. Fig-
ure 7 presents the crosshead force vs crosshead displace-
ment for all the tested samples. First of all, a lot of scat-
ter is noticeable in the figure. As previously mentioned,
the picture-frame test is sensitive to misalignments and
differences in fiber tension. These sensitivities are be-
lieved to be the main causes of the scatter. Consider for
instance the “Full arm” curve with the highest load in
Fig. 7. During testing, this sample had very little wrin-
kling in the arms compared to the three other “Full
arm” curves. This difference could be an indication of
higher tension in the tows, but because the tow tension
cannot be quantified with the setup in this study, a
definitive conclusion cannot be drawn. It is worth not-
ing that none of the “3 tow slits” or “Transverse tows
removed” samples wrinkled during testing. In fact, this
lack of wrinkling is a strong indication that the arm
geometry does influence the samples during shearing.
Fig. 8 depicts some typical deformed samples. In the
figure it can be seen how the arm tows in the sample
with the transverse tows removed tend to deform into
S-shapes. This deformation is also sketched in Fig. 9.
The boundary conditions are the same for the other
sample configurations, but the resulting deformations
are different. The phenomenon can be considered as
instability, i.e. shear buckling of the arm regions. For
the slitted samples, out-of-plane twisting of the tows
between the slits can be observed. The wrinkling ob-
served with the full-arm samples is likewise believed to
arise from the clamping boundary conditions.

In general, Fig. 7 demonstrates a trend that the
crosshead force decreases the more the sample arms are
modified, i.e. from full arm to slitted arms and further
to transverse tows removed. In Fig. 10 the crosshead
data have been converted to normalized shear force vs

Fig. 8 Deformed samples. From left to right: Full arm, 3 tow
slits and Transverse tows removed.

Fig. 9 Effect of in-plane tow bending stiffness on the defor-
mation in the arm regions. Lower, blue tow has zero bending
stiffness, i.e. follows kinematic assumption, whereas the upper,
red tow has a finite bending stiffness.

8%0 1 Full arm 1
300 F — — —3towslit i
***** Transverse tows removed

250 ) b 1

200 b S L |

50 I/ 1

Avg. Normalized Shear Force [N/m]

0 5 10 15 20 25 30 35
Shear Angle [deg]

Fig. 10 Averaged values of normalized shear force vs shear
angle for samples with full arms, slitted arms and arms with
transverse tows removed respectively. The error bars indicate
the standard deviation.

shear angle data using Eq. (1) and (3). Each family of
curves has been averaged and the standard deviation
is indicated with error bars. The trend from Fig. 7 is
replicated with the addition that the curves also be-
come flatter with increasing sample arm modification.

In the following, the full-field DIC data are used
to further analyze the different sample arm geometries.
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Fig. 11 DIC fabric angles vs frame angles from the gage area
of full arm geometry, 3-tow slits and transverse tows removed.
Also from entire sample with full arm geometry. The theoretical
1:1 line is shown as black dots.

For the samples with modified arms, no useful DIC data
are available in the arms due to the discontinuity of
the sample surface. These discontinuities are visible in
Fig. 8.

To verify that the fabric shear angles follow the
frame angles, all shear angles from each stage of the DIC
data have been averaged. The averaged or global shear
angles are plotted against the frame angle in Fig. 11.
In the figure, it is seen that all of the shear angles
measured in the gage area follow the frame angle well,
but the difference increases with increasing frame an-
gle. The full-arm and the 3-tow slit curves are almost
indistinguishable whereas the transverse tows removed
is slightly lower. It is interesting though, that the clos-
est results are observed for the full-arm geometry with
shear angles measured over the entire area of the sam-
ple.

The question is next, how the distribution of shear
angles changes with the different sample-arm geome-
tries in the study. For reference, consider the full arm
geometry sample in Fig. 12. The contours covering the
entire sample area indicate the distribution of the fabric
shear angles at a picture-frame angle of 24°. In the gage
area, the shear angles appear to be in the vicinity of 24°
with some lower values near the boundaries. The arms
of the sample, however, are exhibiting higher shear an-
gles than the frame angle. This difference in the shear
angles between these two regions on the test samples,
explains the observations made regarding Fig. 11: The
shear angles are in general up to 2° behind the frame

Fig. 12 Distribution of the shear angles in sample with full-
arm geometry at a picture-frame angle of 24°.

angle when considering the gage area, but the higher
angles observed in the arms counteract this lag when
the entire sample area is used for calculating the global
shear angle.

Another interesting observation can be made from
Fig. 12 by looking closely at the gage area: Diagonal
bands of slightly higher shear angles extend from one
toggle clamp to another. These bands indicate that the
clamping design does not provide a uniform amount of
clamping force across the width of the sample.

Due to the aforementioned availability of the DIC
data, the comparison between the shear angle distri-
bution for the different arm geometries in Fig. 13 only
concerns the gage area. In the comparison, the frame
angle is 18°.

In Fig. 13, each of the contour scales has been set
to the same maximum and minimum values. With aid
from the histogram next to each colorbar, the follow-
ing remarks can be made: The full-arm geometry and
3-tow slits samples both have a fairly uniform distri-
bution of shear angles although the 3-tow slits sample
has fewer boundary effects. In the sample with trans-
verse tows removed, the distribution of shear angles is
less uniform. The contours show the effect of uneven
tension in the tows which results in shear angles that
are both significantly higher and lower than the frame
angle.

It must be pointed out that the DIC results only
represent one sample within each configuration of arm
geometry. However, because the average fabric angles
follow the frame angle well, it is believed that the results
from Fig. 13 are generally applicable to the the tested
material system.

In general, it can be stated that the samples with
transverse tows removed require a significantly lower
force to be sheared compared to the full-arm samples.
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Fig. 13 Comparison of DIC shear angles in gage area for full arm geometry (left
(right). The frame angle is 18°.

The DIC results indicate that the distribution of shear
angles is more scattered in samples with transverse tows
removed in comparison to the other sample geometries,
but the average shear angle in the gage area shows only
a minor lag.

5.2 Shear Angles from Hough Transform

In this paragraph, the Hough transform approach for

obtaining the shear angles is evaluated. Full-field shear-

angle data from 3-tow slits and transverse-tows-removed
samples are presented for comparison of the Hough trans-
form approach with the DIC results. Notice, however,

that the speckle pattern on the DIC samples inhibits

the detection of fiber angles from the weave texture.

Further, both acquisition methods are sensitive to the

right lighting conditions and thus, the same sample

cannot conveniently be analyzed using both DIC and

Hough transform during testing. For this reason, the

Hough transform results were validated by means of
manual measurements on the images acquired during

the test. The Hough transform settings used are listed

in Table 2.

The full-field results from the Hough transform are
presented in Fig. 14 (initial configuration, i.e. undis-
placed frame) and Fig. 15 (18° frame angle). It was
found that the initial configuration did not have per-
fectly 90° tow angles as seen in Fig. 14. This pre-shear
was likely induced during mounting in the frame as the
figure suggests the effects of clamping. The pre-shear
could also occur during preparation of the sample or
even at an earlier stage. Regardless, it should receive
more attention in future studies. For the purpose of
comparison with the DIC results, the average shear an-
gle from the initial configuration was subtracted from

[deg]
20

19

18

17

16

P e T

, 3 tow slits (middle) and transverse tows removed

~

Table 2 Parameters used for Hough transform. Some settings
are different for the fibers families due to fiber family 2 being
more visible in the weave pattern. 1 The Hough cell vertical size
is determined based on the horizontal size and the image aspect
ratio. The image size is 3456 x 5184 pixels.

Parameter Fiber 1  Fiber 2

0 tolerance rel. to frame +10° +10°
Number of Hough peaks 5 7

Min. length in line extraction 21 pix 25 pix
Fill gap value in line extraction 10 pix 12 pix
Hough Cell horizontal sizet 165 pix
Hough Cell overlap 50 %
Contour Cell size 130 pix
Contour Cell overlap 50 %
Median filter size 5X%X5

the deformed full-field data. The average initial shear
angles were 1.35° (3 tow slits) and 0.46° (transverse
tows removed) respectively. Pre-shear is not a new con-
cept and was for instance investigated by Alsayednoor
et al. (2017) in relation to the bias-extension test.

The Hough transform results obtained with an 18°
frame angle in Fig. 15 show the same trends as ob-
served with the DIC results in Fig. 13. The 3-tow-slits
sample has a fairly uniform distribution of shear an-
gles with some boundary effects whereas the transverse-
tows-removed sample has a lot less uniform distribu-
tion. Due to noise in the results, the spatial resolution
is low compared to the DIC results and a considerable
amount of filtering was applied. For this reason, the
present Hough transform results are only suitable for
exploring the trend or for obtaining a global shear an-
gle. Hence, by averaging the shear angles for the two
contour plots in Fig. 15 respectively, global shear an-
gles of 16.88° (3-tow slits) and 17.96° (transverse tows
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Fig. 14 Shear angles in the gage area for the undisplaced frame
obtained using Hough transform. Sample configurations: 3-tow-
slits (top) and transverse-tows-removed (bottom). The color-
bars are centered around the mean and span +3 standard de-
viations.

Shear angle [deg]

o

removed) are obtained. These values compare well with
the global shear angles from DIC in Fig. 11.

5.3 Comparison to Bias-Extension Data

In this section the picture-frame test results are com-
pared to results obtained with the bias-extension test.
The question is, however, what test configuration of
picture-frame results should be used for the compari-
son. The normalized shear force curves in Fig. 10 along
with the DIC results indicate that results obtained from
the samples with the transverse tows removed provide
the best representation of the material’s shear charac-
teristic. Recall though, that Eq. (3) from Peng et al.
(2004), which was used for normalization of the picture-
frame crosshead force data, assumes that only the gage

Shear angle [deg]
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Fig. 15 Shear angles in the gage area for 18° frame angle ob-
tained using Hough transform. Sample configurations: 3-tow-
slits (top) and transverse-tows-removed (bottom).

area contributes to the shear force. In the same paper,
the authors present a normalization equation based on
the assumption that the entire sample contributes to
the shear force:

Lp

Fsh,norm_enti're = L% i 2(LF — Lf)Lf Fsh (5)

The assumption of shear force contributions from the
entire sample can be justified using Fig. 12. This figure
shows, that the arms of the standard cruciform sam-
ple do indeed experience shearing to the same extent
as the gage area. Thus, in the following, the picture-
frame data used for comparison are the transverse-tows-
removed data from Fig. 10 and the averaged full-arm
crosshead data normalized with Eq. (5).

Regarding the bias-extension data, a sequence of
linear ramps have been implemented in the test ma-
chine control software analogous to Sec. 4.1. Thereby
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Fig. 16 Comparison between picture frame and bias-extension
results.

the same constant shear rate of 0.046 rad/s can be
achieved. Three samples of 120 mm x 270 mm were
tested. The load cell used had a capacity of 2 kN (0.4 %
accuracy). The data processing, i.e. calculation of shear
angle and normalized shear force, follows the descrip-
tion in Cao et al. (2008). Videos of the specimens during
testing were analyzed using Hough transform to extract
the average fabric shear angle in the center zone and to
correct the calculated angle. The Hough transform re-
sults were again validated using manual measurements.

The comparison between picture-frame and bias-
extension results is presented in Fig. 16. Regarding the
bias-extension data in the figure, it is seen that the three
test results are very close to each other with a maximum
absolute deviation between the curves of only 10 N/m.
Thus, the issue with uneven fiber tension between dif-
ferent samples in the picture frame test is avoided with
the bias-extension test. Regarding the two sets of pic-
ture frame data, it is remarkable how the different nor-
malization methods manage to bring the curves close to
each other. Finally, comparing the picture frame data
with the bias-extension data, a fairly close resemblance
is observed. It must be noted that the shear force from
the bias-extension test is calculated using a formula de-
rived for dry fabrics. Thus, it naturally introduces er-
rors.

For reference, a result from the Hough transform
image analysis of the bias-extension test is presented in
Fig. 17 as the average fabric shear angle vs. the kine-
matic shear angle. The former is the average of the mea-
sured shear angles in the center region of the specimen
and the latter is obtained based on the distance between
the grippers. It is seen that the measured angles follow
the kinematic angles until around 20° after which they
start to deviate to higher values. It is believed that this
phenomenon arises from so-called 2nd gradient effects
(Ferretti et al., 2014): At the boundaries between the
shear zones in the sample, the in-plane bending stiff-
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Fig. 17 Measured vs. kinematic shear angles in center region
of bias-extension samples.

ness of the tows inhibits a sharp shear angle transition.
This violates the pin-jointed net assumption behind the
bias-extension kinematics. The same phenomenon was
e.g. also observed in the data presented in Alsayednoor
et al. (2017).

6 Discussion

The work presented in this paper enables the drawing
of many conclusions, but some points are up for discus-
sion. Consider, for instance, the reason for testing the
fabric at a constant shear rate and in a manner which
provides a uniform shear-angle distribution in the sam-
ple: The idea is to get a more accurate shear character-
istic compared to the usual test procedure. However, as
was demonstrated, the modification of the sample arms
resulted in more scatter in the data because the samples
were more difficult to mount properly in the frame than
the baseline configuration samples. The current picture-
frame design with toggle clamps also caused issues in
terms of the uniformity of the shear-angle field - espe-
cially with the modified samples. To this end, various
design improvements of the picture frame can be found
in the literature (Launay et al., 2008; Milani et al., 2010;
Nosrat-Nezami et al., 2014).

Steps could of course be taken to alleviate the issues
mentioned above, e.g. by keeping the fabric material
intact in the part of the sample arm that is clamped.
Effectively, that would mean to remove only the trans-
verse tows in some part of the arm. However, the sam-
ple preparation used in this study was already cumber-
some. Thus, the best recommendation for picture-frame
testing of the prepreg fabric used in this study would be
to use the original cruciform sample and normalize the
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shear force assuming that the entire sample area con-
tributes to the shear force. As was seen in Fig. 16, this
approach yielded a good agreement with the modified-
sample and bias-extension data.

The image processing results using the Hough trans-
form were able to replicate the trends observed with
the DIC results. A lot of noise was present in the lo-
cated fiber angles which was reduced by means of filter-
ing. One issue was glare effects due to the resin on the
prepreg material. Thus, the measurement signal could
maybe be improved by testing with polarized light in
combination with a polarizing filter on the camera lens.
Another option would be to paint a grid on the sample
as utilized by Arumugam et al. (2016). Here, the grid
lines should preferably be centered on the tows which
could be accomplished with a stencil. However, as pre-
viously discussed, one important benefit of the present
approach is that the samples are completely unaffected
by the shear angle measurement.

The Hough transform method also has its limita-
tions. In fact, it concerns a general issue for 2D measure-
ment techniques as investigated by Alsayednoor et al.
(2017): If the bias-extension sample wrinkles, the out-

of-plane displacements can cause the angle-measurements

to be 20% higher than the true value. In this case, a
3D technique needs to be employed. When the sample
shears, the two families of tows cross over each other.
Thus, the best measurements are obtained in the ini-
tial configuration. With this in mind, another possible
application of the Hough transform would be only to
inspect the sample in the picture frame before the start
of the test. If the frame is also identified in the image,
the fiber angles relative to the frame could be obtained.

Another interesting point is the influence of the mod-
ified sample arms when comparing to the similar study
by Dangora et al. (2015) using pre-consolidated UD
cross-ply. In that study, similar decreases in the magni-
tude of the crosshead force were observed with increas-
ing arm modification but in contrast to this study, a
pronounced and critical effect on the uniformness of
the shear strain field in the gage area was observed.
One explanation for this result is that the UD cross-ply
has much less interaction between the two fiber direc-
tions which could mitigate the effects of uneven clamp-
ing forces. This underlines that one should be careful to
draw general conclusions based on one material study.
To this end it would be interesting to test more material
systems, e.g. with different fiber architectures, different
fiber materials and different matrix materials.

Conclusion

This paper has presented the results of an investigation
concerning the shear characterization of woven prepreg
fabric using the picture-frame test. In particular, the
influence of the cruciform-sample arms, methods for
acquiring shear angles and the concept of testing at
constant shear-strain rates were examined.

Testing at a constant shear-strain rate was achieved

by considering the kinematics of the picture frame whereby

a nonlinear expression for the crosshead displacement
vs. time was obtained. The nonlinear expression was
implemented in the control software of the tensile-test
machine by means of a series of ramp segments. Us-
ing this approach, picture-frame data can be objectively
compared to bias-extension data, when the test rate is
of importance.

The investigation of the influence of the sample arm
geometry involved modifications to the original cruci-
form sample. The first modification was cutting of slits
in the arms while the second was dissolving the resin
and removing the transverse tows in the arms. Using
DIC, it was first established that a slitted sample had
a slight improvement on the uniformity of the shear-
strain field compared to an original cruciform sample,
whereas a sample with transverse tows removed had a
less uniform distribution. The latter observation was as-
cribed to the fact that the sample was more difficult to
mount correctly in the frame such that the tow tension
was even. For all three kinds of samples the average
shear angles were close to the calculated angles from
the kinematics of the picture frame.

Comparing the measured crosshead forces between
the three different sample geometries, a large difference
was observed. Namely, the forces measured from the
original sample geometries were approximately twice of
those from the samples with the transverse tows re-
moved. This difference clearly indicates that the arms
of the cruciform sample influence the measured results.

Next, it was investigated if shear angles could be
obtained directly from images taken during the test
by using image processing. In particular, whether a
Hough transform could locate the fiber directions us-
ing only the weave structure. With the setup used in
this study, the approach managed to capture the trend
in the shear-angle distribution when comparing to DIC
and to predict the average shear angle well. There is po-
tential for improvement, but the present results work as
a proof of concept for further development.

Finally, comparing the data of the normalized shear
force vs. shear angle from the picture-frame test with
bias-extension test results obtained at the same con-
stant shear-angle rate, good agreement was found. Here,
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different normalization schemes for the picture-frame
test shear force were employed. Namely, the original
cruciform sample data were normalized assuming con-
tributions from the gage area and the arms, whereas
the transverse-tows-removed data were normalized as-
suming only contributions from the gage area. The two
normalization schemes brought the shear force curves
remarkably close to each other. Thus, the recommen-
dation regarding picture frame testing of the prepreg
material in this study, is to test the original cruciform
sample and normalize assuming contributions from the
entire sample.
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