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The bias-extension test is widely used to study the mechanics of woven fabrics undergoing large deformation.
Standard analyses focus on the in-plane shear deformation, but rarely on other deformation modes. Here,
the bias-extension of a basalt fiber twill was performed inside a X-ray microtomograph to get 3D in situ
observations. The 3D images were used in a dedicated Digital Volume Correlation procedure that enabled
relevant 3D strain invariants to be estimated. Coupled with important in-plane shear and moderate tension

along the yarns, significant 3D compaction was observed as a complex combination involving out-of-plane
auxetic expansion and in-plane compaction. The transition between sheared regions extends to 2-3 unit cells
of the fabric, highlighting the role of the fibrous micro and mesostructures. This unique 3D experimental
database enriches the knowledge on the mechanics of woven fabrics and provides valuable information for
the development of generalized continuum approaches to model their mechanical behavior.

1. Introduction

Thanks to both their good specific mechanical properties and de-
formability, woven fabrics are widely used in fiber-reinforced com-
posites and have attracted increasing attention for a wide field of
applications, including aeronautics, automotive, civil infrastructure,
sport. The manufacturing processes of woven fabric-reinforced com-
posites often involve a forming stage during which woven fabrics are
deformed so as to confer them the desired shape of the composite parts.
During this stage, woven fabrics usually exhibit severe deformations
altering the properties of the composite parts. Consequently, charac-
terizing, understanding and modeling the deformation of woven fabrics
has been the subject of numerous studies. A large number of these stud-
ies mainly focus on the in-plane shear of woven fabrics, which is known
to be their principal deformation mode during their forming stages [1-
4]. Bias-extension tests are usually employed purposely [2,5,6]. These
tests consist in stretching slender rectangular woven fabric samples of
gauge length L with warp and weft directions orientated symmetrically
with respect to the loading axis. Upon loading at a stretch displacement
d, four different zones (A, B, C, D, see Fig. 1) along the half length of
the samples arise, as the shear angles y between the weft and the warp
increase. The well-known first order geometrical analysis of the test,
that considers rigid yarns, no slippage and no steric hindrance at yarn-
yarn contact points as basis assumptions [5], yields to an expression of
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the shear angle:

y=£—2arcc0s L+d (@D)]
2 \/EL

which, according to this simplified theory, is spatially homogeneous in
the central zone D of the sample, whereas this angle is equal to 0 and
v/2 in the zone A below the clamps, and in zones B and C, respectively.

Nevertheless, the strong multiscale nature of textiles, with length-
scales ranging from the microscale (or the fiber scale) with highly
flexible and non-cohesive filaments, the mesoscale (or the fiber yarn
scale) up to the macroscale (or the part scale) results in 3D highly
anisotropic architectures with complex 3D and multi-scale deforma-
tion modes. An important set of experimental evidences demonstrated
that these architectures strongly alter the macroscopic mechanical
behavior of woven fabrics, specifically during bias-extension, thus ques-
tioning the relevance of the aforementioned geometrical approach
and, in particular, Eq. (1). For example, complex macroscale phenom-
ena with shear strain localization with finite band-width rather than
abrupt changes have been observed during bias-extension tests [2,4,7].
These macroscale deformation mechanisms are strongly linked with the
mesoscale ones such as the bending, twisting, shear and compaction of
yarns [8], which are in turn coupled with microscale ones such as fiber
rearrangement, bending and twisting [9].
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Fig. 1. 3D half-view of the twill-fabric (at the reference state) used for bias-extension.
The characteristic regions A, B, C and D of theoretical constant shear strain are
depicted. The red shadowed areas represent zones over which the measured strain
fields were averaged, while the blue ones represent zones along with the strain paths
were followed, i.e., between the adjacent regions A-B (from A to B, see the arrow) and
B-D (from B to D, see the arrow).

To accurately describe this complex behavior in macroscale consti-
tutive theories (and thus to properly model the forming processes of
woven fabric-reinforced composites), not only the in-plane shear but
also other deformation mechanisms should be characterized and taken
into account such as the weft and warp elongation, the volume and in-
plane surface variations. These mechanisms are often neglected in most
first order continuum approaches, except in some studies that tried
to incorporate them using physically-based strain invariants [8,10].
In addition, the inability of first order approaches to properly model
the aforementioned strain localization phenomena [4] yielded some
authors to propose recently enriched continuum models [11-13] or
similar alternatives [14,15], which offer more realistic descriptions,
but which still lack experimental data to be well-cast, in particular for
deformation modes other than in-plane shear.

Thus, there is a need for new experimental data. For that purpose,
non-destructive testing techniques offer new possibilities. Acoustic
emission [16,17], optical microscopy [18], electron microscopy [19],
infrared thermography [20], are some examples applied to textile
composites. Among them, the Digital Image Correlation (DIC) tech-
nique [21], which gives access to displacement and strain fields on the
surface of the material, has gained significant interest in the field of
textile testing [2,22-25]. The last studies highlighted the importance of
using local displacement and strain measurements providing interesting
guidelines to understand the large deformation mechanics of fibrous
fabrics used in composites.

However, DIC is only limited to surface measurements, which is
often insufficient to completely characterize the 3D anisotropic me-
chanical response of textiles. On the contrary, X-ray tomography is
extremely well-suited since it permits the visualization of the inter-
nal 3D structure of materials [26,27]. For instance, 3D X-ray images
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of fibrous reinforcements used in composites can be used either to
generate numerical meso-models and to perform qualitative compar-
isons between images and simulations [8,28] or to estimate other
properties such as permeability [29,30]. Beyond the visualization and
the quantification of the internal structure via 3D image analysis, X-
ray tomography provides the ability to conduct in situ mechanical
tests. Studies employing in situ X-ray experiments have been notably
performed to analyze the mechanical behavior and the damage of
fiber-reinforced composites [31-34], but also their structural evolution
during their forming processes [9,29,35,36]. The insights brought by
these experiments are numerous and relevant and can be further en-
hanced when image analysis is enriched to extract local displacement
fields either by using 3D semi-discrete correlation [37] or Digital
Volume Correlation (DVC), i.e., the extension of DIC to 3D images [32,
38,391.

However, to the best of the authors knowledge, there is no study in
the literature that aimed at analyzing the 3D mechanics of fibrous wo-
ven fabrics subjected to finite strains loadings (e.g. via bias-extension),
by combining simultaneously 3D in situ observations (e.g. with X-ray
microtomography) and the measurements of the related 3D kinematic
fields (e.g. with DVC). This results in a lack of 3D experimental data
to understand and to model the complex mechanics of fibrous architec-
tures. One difficulty to overcome to achieve such an investigation is to
properly carry out DVC analyses with thin and quasi-periodic materials
(such as the standard 2D woven fabrics used in composites) subjected
to finite geometrical transformations similar to those encountered by
these woven fabrics during their forming. Within this context, we pro-
pose a method that allows to provide novel experimental data regarding
the 3D quantitative description of the macroscale mechanics occurring
in a dry basalt woven fabric subjected to finite strains and rotations
during bias-extension. The aim is to address crucial but still open
questions regarding the role of the fabric out-of-plane deformation, 3D
compaction, in-plane bending, but also the coupling of these deforma-
tion modes with the dominant in-plane shear. Such an experimental
quantitative description is expected to provide useful information to
improve and justify theoretical assumptions of constitutive models
developed for the mechanics of fabrics, as well as to validate their
prediction to optimize the forming processes of woven-fabric-reinforced
composites.

2. Material and methods
2.1. Material

A balanced twill fabric (2 x 2), with an areal density of 600 g m~2,
a thickness of 0.7 mm =+ 0.035 mm (which was estimated according to
the method reported in Section 3.1) and with weft and warp made of
identical basalt fiber bundles (diameter of elementary basalt filaments
of 11 um and linear density of fiber bundles of 550 tex), was used for the
experiments. The twill exhibits three material directions, i.e., the weft,
the warp and the out-of-plane directions respectively noted e(,’ (resp.
e, e‘}l (resp. e;;), and e(}H (resp. e;;;) in the reference (resp. deformed)
configurations. The fabric was purchased from Isomatex (Gembloux,
Belgium). On the left-hand side, Fig. 2 shows a macroscale upper view
(perpendicular to e(,)” = e3) of the twill fabric in the reference plane
(e;,e,). The grey level slices reported on the right hand side of the
figure have been obtained with X-ray microtomography with a 73 pm?
voxel size. This figure illustrates the complex multiscale and quasi-
periodic architecture of the studied woven fabric. The top image is
a zoom in the (e,e,) plane, the middle one is a zoom in the (e, e;)
plane. The bottom image is also a zoom in the (e‘}, e;) plane: the
periodic and anisotropic pattern of the twill fabric is highlighted, with a
spatial periodicity A close to 6.3 mm, a yarn height and width measuring
0.35mm and 1.5 mm, respectively.
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Fig. 2. Left: Upper view photograph of the studied basalt twill fabric. Right: zooms
(grey level slices obtained with X-ray tomography) of the structure of the twill: the
upper, middle and lower slices have been obtained in the (e,.e,), (e, ;) and (e}, e;)
planes, respectively. The bottom slice shows the main characteristics of the periodic
architecture of the twill fabric.

2.2. Bias-extension test for 3D in-situ observations

The most frequently employed test to characterize the in-plane shear
behavior of woven textiles is the bias-extension test [2,5,6]. The test
consists in stretching a rectangular woven fabric sample such that its
warp e(} and weft e‘}l directions are initially and symmetrically oriented
at 45° with respect to the loading direction e,. The standard elementary
geometrical analysis of this test is based on two main assumptions
which yield a pantograph of kinematics at the unit cell scale: (i)
rigidity of yarns, (ii) rotation of the yarns at their contact points
without slippage. The sample stretching thus results in variations of the
angles between the warp and weft which, under the aforementioned
assumptions, lead to the creation of four different deformation zones
along the half length of the samples (see Fig. 1): A, B, (symmetrically)
C, and D. Inside each of these regions, the shear angles between the
weft and warp are considered as constant. When the ratio between the
initial length over the width of the specimen is bigger than two, the
weft and warp yarns in the central zone D, in zones B and C, and in
zone A are subjected to an in-plane shear deformation of y, y/2 and 0,
respectively.

Based on the tensile system used in [35], we designed a new
setup to conduct an in situ bias-extension test inside a laboratory X-
ray tomograph (3SR Lab, Grenoble, France), as illustrated in Fig. 3.
Briefly, a pair of clamps were used to grip the samples with in-
plane gauge dimensions 50 x 160 mm? (i.e., with ~ 22 fiber bundles
along the sample width for the weft and the warp). The sample areas
clamped by the grips were covered by paperboard in order to avoid
any sample slippage in the grips: preliminary tests conducted outside
the tomograph showed that there was no slippage with this procedure.
Two polypropylene rods with a 16 mm diameter and with low X-ray
absorption were used to support the upper clamp, as well as the tensile
force during the experiments. The tensile force was measured with
a load cell (HBM C9-500N, load capacity 500N) which was fastened
between the bottom clamp and the ram axis. The steel cylindrical ram
axis of 25mm diameter was fixed to the top of the loading system
which was in turn fixed to the rotation stage of the tomograph. The
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Fig. 3. Experimental set-up designed for the in situ bias-extension of the basalt twill
samples inside the X-ray facility of 3SR Lab.

loading system had a maximum load capacity of 15kN, enabling a
ram-speed ranging from 0.1 to 100 ummin~! and a maximum vertical
displacement of 100 mm which was adequate to reach the failure of
the tested samples usually occurring around 70 mm, corresponding to
a macroscopic averaged elongation of ~ 1.43.

2.3. Testing procedure

During the mounting of the specimen into the gripping system,
particular attention was paid to its alignment along the tensile axis
and to preserve its straight shape. For that purpose, before starting
the test, the sample was subjected to a very small tensile load that
did not alter the initial orthogonal in-plane relative orientation of
the weft and the warp. After the relaxation (about 5min), the first
tomographic scan was performed, called hereafter the reference scan.
Then, the ram was moved down to a first loading step of 10 mm at
a constant velocity of 0.25mms™~!, which corresponds to a mean axial
natural strain (or Hencky strain) increment 4 = In((L+d)/L) = 0.06. A
relaxation of 20 min was then performed to stabilize the force and the
sample structure. Then a second scan was launched. This sequence was
repeated until the last scan, i.e., the scan taken right after the failure
of the specimen.

As (i) the studied textile is balanced, (ii) the weft and the warp are
symmetrically positioned with respect to the loading axis and thanks
to the symmetry of boundary conditions, the sample deformation is
symmetrical along the specimen’s axis. Thus, to reduce the scanning
time, only the upper half of the sample was imaged (as shown in Fig. 3).
For that purpose, the voltage and current of the X-ray source were
set to 80kV and 320 pA, respectively, while no extra filter was used.
The source operated in a medium spot size mode and the specimen
was positioned the closest possible to the source, with the geometrical
zoom yielding a voxel size of 30 pum3. Note that at this voxel size,
individual fibers could not be clearly identified in the reconstructed
image. A vertical stack of 3 scans was required to image the entire
upper half area of the sample. For each scan, projections were acquired
at 2400 different angular positions between 0° and 360°, as the specimen
was continuously rotated around a vertical axis. This high number of
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projections was selected to compensate for the non-homogeneous X-
ray attenuation around the sample (i.e., photons transmitted through
the polypropylene rods). In order to reduce the noise level, six images
were averaged for each rotation angle. The total duration for each stack
of 3 scans was 2 h 45 min.

3. Image analysis
3.1. Binarisation, thickness map, and fiber orientation

For each X-ray scan, a reconstructed 3D greyscale image was
obtained by assembling the 2D radiographs using a filtered back
projection algorithm, which is available in XAct software (RX-Solutions,
Annecy, France). Since fibers attenuate more X-rays compared to air,
a standard thresholding operation achieved with the open source
Fiji [40] was sufficient to extract the fiber phase from the surrounding
air. A 3D view of the extracted textile (ie., binary image) at the
reference state is illustrated in Fig. 1. The characteristic regions A, B, C
and D defined previously are also depicted. For each region, we have
also sketched (i) the areas over which the measured strain fields (see
Section 4.2.2) were averaged, along with (ii) the followed strain paths
between the adjacent regions A-B and B-D (see Section 4.2.3).

From the time-series 3D binary images, we assessed the evolu-
tion of the sample’s thickness together with an estimation of the
out-of-plane natural (or Hencky) strain e;;; = In(h/hg) along the
out-of-plane direction e;;;. This first order estimation was used as a
complementary/validating information of the out-of-plane deforma-
tion, as measured by DVC (see Section 3.2). For this, a 3D grid was
defined in each binary image, the geometry of which displayed one
mesh along e;; and is identical to the correlation grid used for DVC
(discussed in Section 3.2 and shown in Fig. 4d). For each mesh and
each of its in-plane pixel, we measured the distance between the first
and the last voxels of the thresholded twill along e;;;, the average of
these distances in the considered mesh corresponding to the mean twill
height 4 in it. As an illustration, the measured thickness map of the
textile in the reference configuration has been reported in Fig. A.10.

In addition, the projections of the 3D greyscale images in the
twill mid-plane (e;, e;;) resulted in 2D enhanced radiographs of the
textile sample (see for example Fig. 5). Combined with the plugin
OrientationJ [41] of ImageJ, which is based on the evaluation of
the gradient structure tensors, these projections were used to esti-
mate the shear angle y = 7/2 — (e,/,e\,,) in the central zone D, as a
complementary/validating information of the DVC measurements.

3.2. Digital Volume Correlation (DVC)

To measure the macroscale 3D kinematic fields during the in situ
bias-extension test, we used the local version of the Digital Volume
Correlation (DVC) technique [42,43]. It must be highlighted here that
the application of DVC to analyze the mechanical behavior of the
considered woven fabric under the considered loading is not straight-
forward. The challenging issues to overcome are induced by (i) the
quasi-periodic architectures of woven fabrics combined with (ii) their
highly anisotropic textures with weak gradients along the material
directions e;,e;; but also (iii) the highly heterogeneous deformation
field together with (iv) the large geometrical transformations induced
by the bias-extension loading mode. To address the resulting issues,
we developed a dedicated two-step DVC procedure which is detailed
hereafter and illustrated schematically in Fig. 4.

3.2.1. Step 1 — Initial guess
As a first step, an initial first order guess of the displacement field
between two configurations was estimated based on the procedure
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proposed in [44]. A set of “guiding points” was selected in the reference
image, which exhibits numerous zones with large grey level gradients
(see Fig. 4a). This selection was based on a 3D Harris corner detection
algorithm [45] while a minimum distance between the selected points
was also imposed. The higher the Harris’ corner value (i.e., absolute
value of the smallest eigenvalue of the auto-correlation matrix), the
higher the quality of the imaged pattern for the correlation purpose.

The displacements of the guiding points were then measured from
the reference to the deformed configuration based on a coarse nearest-
pixel cross-correlation computation. For this, a local sub-volume (i.e.,
correlation window) was extracted around each guiding point in the
reference image (see square in Fig. 4a). The displacement of each
guiding point was then determined by finding the best mapping of
the extracted sub-volume in the deformed image, searching over a
restricted “search window”. This mapping corresponds to the high-
est normalized cross correlation coefficient corrected by the average
intensity of each image [46]. The choice of the correlation window
size was based on the structure of the material, while the size of the
search window was based on the estimated expected deformation. Note
that even though an heterogeneous deformation field was expected, the
search window was kept constant for all guiding points.

The feature, however, which was unique for each guiding point
was the “guessed” position around which it is sought in the deformed
configuration, which is actually the key component of this procedure.
More specifically, the key of this initial step lies in the fact that the
tracking of the guiding points was progressively done inside the sample
by propagating the motion of neighboring points. For this, guiding
points were sorted in a queue based on their distance to any point of
the queue (i.e., the point closest to any point of the queue was the next
one to be en-queued). Each point was then sought around a “guessed
position” in the deformed configuration, which was defined based on
the tracked position of previously successfully correlated neighboring
guiding points. It is important to note that for the first point no initial
estimation was given (i.e., the “guessed position” was equal to its
position in the reference configuration) and its correlation coefficient
was directly calculated. Consequently, the selection of the first guiding
point (i.e., top of the queue) is crucial for the success of this procedure
and should be based on some a priori estimation of the displacement of
certain parts of the specimen. Here, a point that lies in the region close
to the top clamp (and thus with a very small expected displacement)
was chosen, which is not necessarily the one with the highest Harris’
corner value.

For each of the remaining sorted points, a “guessed position” in the
deformed image was estimated by a Gaussian distance-based weighted
interpolation of the measured displacements of neighboring guiding
points. Neighbors only within a given distance of the currently pro-
cessed point were considered, for which the previously calculated
correlation coefficient was higher than a threshold (herein set to 0.98,
i.e., a correlation coefficient of 1.0 implies that the sub-volumes are
completely related). After processing the entire queue, the guiding
points displacements were available (see Fig. 4c), with the quality of
the measurement assessed by their corresponding correlation coeffi-
cients.

3.2.2. Step 2 — Regular DVC

Step 1 provided a rough estimate of the (guess point) displacement
field with a 1-pixel sensitivity. This field was then interpolated to
a set of points laid in a structured grid (see Fig. 4e), providing a
good displacement guess for a local DVC computation, as implemented
in the open source software spam [47]. For this, a regular grid of
points was used by subdividing the reference image into a set of
independent sub-volumes, i.e., correlation windows, which were sought
in the deformed image (see Fig. 4d). At the center of each correlation
window a linear and homogeneous transformation function @ was
estimated such that the material point in the position x in the reference
sub-volume corresponded to the same material point in the position
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Fig. 4. Flowchart of the developed two-step DVC procedure.

x' = @ - x in the deformed sub-volume (see Fig. 4e—f). Note that the
transformation function @ in spam is represented by a 4 x 4 matrix
that accounts for affine transformations: displacement, rotation, normal
and shear deformation. The first three rows of the fourth column
of @ describe rigid-body displacements, while the top corner 3 x 3
sub-matrix corresponds to the familiar, from continuum mechanics,
deformation gradient tensor, F. This means that unlike typical local
DVC approaches, non-rigid correlation windows were used here directly
measuring local rotations and strains.

The formulation of the correlation procedure in spam is based
on a gradient-based iterative algorithm using a first-order Taylor ex-
pansion that minimizes the Sum of Square Differences (SSD) between
the reference and the deformed sub-volume, the latter being corrected
by a trial deformation function [48-50]. The convergence criterion is
based on the norm of the deformation function increment between two
successive iteration steps, while a maximum number of iterations is
also set as a limit to stop the iterative procedure in the case that the
convergence criterion is not satisfied.

Note that for large deformations, which happens to be the studied
case, the convergence of the iterative algorithm might be difficult, since
the applicability of the first-order Taylor expansion is questionable.
This means that a direct implementation of the above “local” DVC
procedure would be rather ill-fated, since the gradient-based algorithm

would fail to converge, unless the initialization of the transformation
function @ for each local sub-volume computation would be close to the
right solution. This is exactly why the “guiding points” displacement
field was used. As it was interpolated to the points of the structured
grid (see Fig. 4e), it provided a good displacement guess for the local
computations, thus driving the gradient-based local algorithm to a good
solution.

3.2.3. DVC parameters and procedure

For the initial guess of Step 1, the size of both the correlation
and search windows were selected as anisotropic (smaller value in the
thickness direction), reflecting the texture anisotropy and the geometry
of the basalt textile and the larger in-plane deformation, respectively.
More precisely, a 31 x 31 x 21 voxels correlation window and a
15 x 15 x 7 voxels search window were used. For the iterative algo-
rithm of Step 2, the norm of the transformation function increment was
set as ||A®| < 1074, while a maximum number of 200 iterations was
chosen. In addition, due to the slenderness of the woven sample, only
one grid point was used along the thickness direction. Regarding the
in-plane grid, contiguous (point spacing equal to window size) square
correlation windows were used, ensuring a statistical independence of
the corresponding error [51]. The size of the in-plane squares was set



O. Stamati et al.

(i) (ii)
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(iii) (iv)
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Fig. 5. Macroscopic force-displacement curve of the bias-extension test performed in situ in the X-ray tomograph, along with the enhanced radiographs (i.e., reconstructed projections
averaged in the thickness direction) of each scan. The zoomed images show that slipping bundles can be identified from the 6th step and inwards.

to 912 pixels (i.e., 2.73 x 2.73 mm?) based on a DVC measurement un-
certainty analysis with a “zoomed out” scan, as detailed in Appendix B.
Note that all DVC measurements presented in the following are ac-
companied by a relative error, calculated through the aforementioned
uncertainty analysis.

It is important to stress here that the positions of the guiding points
of Step 1 were defined at the reference scan and were incrementally
tracked between two successive scans. Similarly, an incremental anal-
ysis was performed for the DVC calculations of Step 2: a new grid
of points was defined for each pair of images to be correlated and
the displacements of the incrementally tracked guiding points were
interpolated to the grid positions. The application of the iterative
procedure described above was used to compute the 3D incremental
deformation gradient 6F,_,  ~ for each correlation window and thus
a 3D map of the incremental deformation gradients for the whole
image. A multiplicative composition of the incremental deformation
gradients produced the total deformation gradients F, _, (further noted
F) that mapped the grid points of the reference scan into each of the
subsequent scans captured throughout the experiment. To ensure the
applicability of the incremental multiplicative composition, we checked
that the deformation field coming from the correlation of the reference
with the third scan corresponded to the deformation field coming from
a multiplicative composition between the reference and the second
scans, followed by the second and the third scans.

3.2.4. Fiber orientation, shear angle and natural strain invariants
We used the above two-step DVC procedure to estimate:

» The local orientation of the weft (i = I) and the warp (i = II):
e, =F-e/||F-€)||, where the e were estimated with OrientationJ
in the reference configuration.

+ The local shear angle y = z/2 — arccos(e; - €;).

We also computed 3D maps of the 3D natural (or the Hencky) strain
tensor e = In(F - F')/2 and its in-plane projection & = e - (8 — (m + n')/2),
where § is the identity tensor, = = (e, + €; + e7;;) ® ey, and where
e, and e; are two unit vectors perpendicular to the out-of-plane unit
vector e;;;. Therewith, some physically relevant natural strain invari-
ants were estimated, accounting for (i) the evolving twill anisotropy

characterized by the material directions e;, ey, e;;;, as well as (ii) the
main deformation mechanisms observed during the bias-extension test:

+ The volumetric strain ¢, = & : §, where § is the identity tensor,

+ The elongation strains ¢; = e, - ¢ - e; along the weft (i = I), the
warp (i = II) and the twill thickness (i = III) directions,

» The equivalent in-plane shear (or deviatoric) strain gy =

2 2. = . . .
;@ &- €2), where ¢, = ¢, — £y is the in-plane surface strain.

As an example, the decomposed total displacement field, along with
the volumetric strain ¢, and the equivalent in-plane shear strain &
have been reported in Fig. 4g-i.

eq

4. Results and discussion
4.1. Force—displacement curve and shear angle

The force—displacement curve measured during the in situ test is
shown in Fig. 5. The loading steps after which the scans were carried
out are indicated in the figure, along with the enhanced radiographs
of each scan (i.e., reconstructed projections averaged in the thickness
direction). Note that a significant deformation of the woven fabric
sample can be seen in these images, the quantification of which will
be discussed in the following paragraphs and subsections. The figure
also brings up the following remarks:

» A typical pronounced force relaxation is observed each time
the loading is interrupted for the X-ray acquisition (~20-30%
of the maximum force reached before the interruption). This
phenomenon is commonly observed with fibrous materials [52]
and may be ascribed to small rearrangements at the fiber—fiber
contact scale. However, it is worth noting that the test interrup-
tion and the related sample relaxations do not affect the global
mechanical behavior of the sample. Indeed, reloading the sample
after relaxation allows the force-displacement curve to return
back onto its initial loading path, which is very similar to those
obtained from the samples loaded without interruption (see the
dashed lines in the same figure).
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» The recorded force-displacement curves are in-line with the liter-
ature data and can be divided into four distinct regions [2,22,53]:
(i) the friction-dominated region at low displacement (scans 1-2);
(ii) the yarn deformation region, where the slope increases with
the displacement (scans 3-4); (iii) the post-locking shear angle
region with a sharp increase in load until the peak (scans 5-6);
and finally (iv) a softening region until breakage (scans 7-8).

As shown in the zoomed images, it is important to stress that
no yarn slippage is visible during the first five steps, while this
phenomenon can be detected in the enhanced radiograph of the
6th step. This observation signifies that the condition of the
material continuity assumed in the DVC measurements (and most
of the continuum modeling approaches of the literature) is not
strictly satisfied from the sixth step and onwards. There, the warp
and the weft yarns should then be considered as distinct and inter-
acting continuous media [54]. Unfortunately, the warp and weft
separation (e.g., thresholded based on their different orientation)
was not possible with our 3D images due to the scanning spatial
resolution and the high shear the fabric was subjected to: as stated
in [10,55], we assumed that the yarn slippage above the 5th step
was limited, so that a one-phase continuous approach could still
be used.

The comparison of the evolution of the theoretical (cf. Eq. (1)) and
the measured shear angles (using either OrientationJ or DVC, see
Section 2) inside the central region D is reported in Fig. 6. As
expected for the reference scan (i.e., at zero axial displacement),
the mean orientation angles of the warp and weft are 45° and
—45°, respectively, resulting to an initial mean shear angle equal
to zero. As the axial load increases, the shear angle y increases.
It is interesting to notice that the values measured through the
orientation tensor are in a good agreement with the ones assessed
through DVC (these values were also manually recovered by
directly measuring by hand the angles between the warp and
the weft on the central region of the enhanced radiographs). The
maximal measured shear angle is 65°, a value which indicates
that the sample was subjected to large shear deformation. Fur-
thermore, the theoretical angle prediction is in good accordance
with the experimental data up to a “locking” value of ~ 30°,
which is in-line with the results reported in the literature for
glass plain woven textiles, carbon fabrics and unbalanced twill
weave fabrics [2,3,7,56]. Above the locking angle, the simplifying
assumptions stated in Eq. (1) are not valid, in particular due to
the compaction and the twist of the cross sections of the fiber
yarns induced both by steric hindrance and their high transverse
deformability [8,9], their possible (un)folding and in-plane bend-
ing upon loading and, after the 5th step, yarn-yarn slippage. Apart
from the yarn-yarn slippage, these effects will be discussed in the
next subsection.

4.2. Kinematic fields

4.2.1. General trends

Fig. 7 gathers a number of colormaps showing the time-evolution of
the displacement field, together with three key strain invariant fields:
the equivalent in-plane shear strain £,,, the volumetric strain €, and the
out-of-plane strain €,;;. This figure brings up the following comments:

+ During the first loading step, a smooth distribution is observed
in all the reported kinematic fields. Note that the displacement
vectors point downwards, thus indicating the direction of the
applied tensile load (see Fig. 3). As the global displacement d
increases (and thus the shear angle y), the magnitudes of the local
displacements vectors are progressively increasing from the top
(almost zero displacement) to the bottom of the imaged zones
(which is the middle part of the scanned sample). Furthermore,
the displacement field is becoming more irregular as the test is
pursued, suggesting the existence of different deformation zones,
which are characteristic of the bias-extension test.
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Fig. 6. Evolution of theoretical and measured shear angles y in the central region D
of the sample as a function of the displacement d.

* The deformation zones A, B, C and D defined in Fig. 1 can be
clearly identified in the in-plane shear strain field maps (see
Fig. 7(b)) with shear strain values Eeq inside each zone remaining
more or less constant, i.e., more or less in accordance with the
theoretical geometrical assumptions used to establish Eq. (1).
Zone A, at the top of the sample, exhibits very small strains
compared to the other zones. This is attributed to the fact that
both warp and weft yarns are fixed at the upper rigid clamp. It
is worth noting that the strains inside this region are not strictly
zero-valued as suggested by the theoretical geometrical approach.
This is partly due to the fact that the reconstructed volume is
cropped slightly away from the top border of the sample, but
also to internal length effects which will be discussed later. The
central zone D exhibits the largest shear strain with practically
homogeneous strain field except free edge effects. Two relatively
symmetric intermediate zones B and C can also be identified,
between those measured for zones A and D, where the shear
strain is practically equal. It is important to mention that all the
transitions between these zones do exhibit finite lengths, which
is in-line with the experimental literature data and far from the
theoretical geometrical approach.

The values reported for the in-plane equivalent shear strain £,,
are higher than those recorded for the other strain invariants. This
indicates once again that the sample is mainly subjected to large
shear deformation. In addition, close to the force peak (see steps 6
and 7), one can notice that high shear strains are concentrated in
a relative narrow band between the intermediate zones (B,C) and
zone (D). This region of sudden localized deformation coincides
well with the location where the material finally tears apart, as
shown with the enhanced radiograph of the post-peak scan (see
scan 8 of Fig. 5).

The in-plane shear strain field discussed above is a field quantity
broadly studied for the analysis of the in-plane shear properties
of woven textiles, in particular during bias-extension. Likewise,
the shear angle, and in a less extent the lateral in-plane strains
are also widely studied, especially when optical measurements of
the sample’s surface are available. Beyond these in-plane mea-
surements, the in situ test presented herein coupled with the
proposed DVC methodology give access to the measurement of 3D
strain fields, such as those reported in Fig. 7(c—d), i.e., quantities
which (i) have never been quantified up to date and (ii) are



Fig. 7. Half-sample upper views (parallel to e

O. Stamati et al.

01-02 y=14 01-03 y=26 01-04 ~y=38

0
nr

volumetric strain ¢, (c), and the out-of-plane strain ¢,; (d) during the in situ test.

rarely taken into account in existing constitutive schemes. For
example, the colormaps in Fig. 7(c) show that the volumetric
strain ¢, is significant and mostly negative, reaching low negative
values of ¥ —25%, thus proving that the tested woven fabric
is also subjected to a pronounced compaction, which is in turn
expected to induce a severe increase of the fiber content ¢ in the
sample of ~ 28% (since ¢/¢° = e¢v). Astonishingly, Fig. 7(d)
proves that meanwhile, a considerable dilation, ie., a marked
auxetic effect reaching ~ 25% is measured for the out-of-plane
strain field ¢;;; (note that such a directional dilatant behavior is
also confirmed by the evolution of the local thickness map, see
Appendix B). Consequently, these two remarks highlight the high
anisotropic compaction of the sheared twill during bias-extension,
i.e., with noticeable out-of-plane auxetic effects that are largely
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compensated by pronounced in-plane compaction surface strain
e, = £, — €;p & —50%. In addition, these results also question
the relevance of the expression “pure shear” deformation which
is often associated with the bias-extension test, i.e., a defor-
mation mode involving the distortion of the material reference
frame (e‘},e‘l’l,e‘;") only. Fig. 7 proves that other deformation
mechanisms are involved, including at least (see next subsection)
volumetric and out-of-plane strains. This point is valid even be-
fore the locking angle: within this shear angle range, not only an
in-plane shear is observed, but also a non negligible out-of-plane
strain (see the two first colormaps of Fig. 7(b) and (d), respec-
tively). Lastly, these data provide novel valuable insights into the
actual 3D mechanics of the material, which are particularly useful
for theoretical and numerical models of woven fabrics.
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4.2.2. Strain paths in “homogeneous zones”

To further investigate strain fields and their complex coupling, we
have reported in Fig. 8 the evolution of the mean values of the in-plane
shear strain &,,, the volumetric strain ¢, the out-of-plane strain ¢,;; and
the elongation strains along the weft £; and the warp ¢;; directions, as
functions of the shear angle y and for the four characteristic zones A,
B, C, D (see Fig. 1). This figure conjures up the following comments:

+ Independently of the considered strain invariant, these results
prove again that region D exhibits the highest strain values, with
regions B and C exhibiting intermediate values, while region A
the lowest. One can notice that the shear strains £,, in zones B
and C are not exactly twice as low as the values reported in zone
D. As it will be seen in the next subsection, this may be due to
the fact that the small areas used here to average strain fields in
zones B and C (see Fig. 1) are not small enough not to account
for strain gradients between them and zone A.

For each strain invariant, the values reported in zone B are close
to those reported in zone C. We also noticed previously that
the mean orientation angles of the warp and weft were initially
45° and —45°, ie., symmetrically, with respect to the loading
axis. These two remarks show that upon loading, the weft and
warp orientation and their related deformation should still remain
symmetric, as expected for such an initial balanced configuration.
Fig. 8(b) highlights the marked compaction the fabric is subjected
to in zone D. For the deformation region (i), i.e., when 0° <y <
20° (see Fig. 5), this compaction is limited (the volumetric strain
€, is close to 0) so that any variation of the fiber content should
not occur at the macroscale. Above, the decrease of ¢, is marked
(» —£,,/4) and thus the increase of the fiber content ¢. The
volumetric strain ¢, evolves practically linearly up to the end of
region (iii). This compaction and its impact on the fiber content
cannot be neglected. Its origins are multiple, multiscale, intricate,
with sometimes opposite effects. One of the major compaction
mechanisms is the increase of the shear angle y which yields
to a decrease of the in-plane surface strain ¢, and thus of the
volumetric strain ¢,. At the microscale, the reorganization of the
filaments inside the yarns should also yield to the compaction of
the yarn cross sections [8,9], and thus to the observed macro-
scopic compaction. Two other origins are described and discussed
in the two following points.

As depicted in Fig. 8(d,e), we measured rather small (~ £,,/10)
but non-negligible macroscopic positive tensile strains along the
weft and the warp directions, both reaching ~ 8% at the end of the
test in zone D (note that a segmentation by hand of a set of fiber
bundles confirmed this extension, even though the error of this
hand-based operation can be relatively high). This macroscopic
tension mode is probably induced by the yarn longitudinal unfold-
ing at the mesoscale. In contrast with the effect induced by the
shear angle, the recorded tensile strains should induce an increase
of the in-plane surface strain ¢, and thus of the volumetric strain
&

v
A noticeable out-of-plane auxetic effect is observed during the
test and more precisely in zone D, where the out-of-plane strain
£y increases practically linearly with significant values (~ £,,/4)
up to ~ 22% (Fig. 8(c)). This effect has already been observed
in other fibrous materials such as textiles, papers, self-entangled
filaments [57-59]: yarn-yarn steric hindrance, yarn curvature and
transverse twisting are possible mesoscale mechanisms that could
explain the auxetic behavior observed at the macroscale [8,58].
As for the previous deformation mode, the contribution of the
auxetic effect on the volumetric strain ¢, restrains the fabric com-
paction. Thus, during the deformation stage (i), i.e., when 0° < y <
20°, the volumetric strain ¢, is practically zero-valued (Fig. 8(b)):
the positive in-plane tensile strains ¢; and ¢, together with the
positive out-of-plane strain ¢ ;;; completely anneal the compaction

Composites Part A 175 (2023) 107748

induced both by the shear angle increase and the microscale
filament reorganization. Such an effect vanishes for the remaining
deformations stages, with the two previous mechanisms being
much more pronounced.

We have reported in the 3D graph of Fig. 8(f) the strain paths
(€04 €y» €qpy) TECOTded in zones A, B, C, D. Firstly, by assuming
that the weft and warp strains can be neglected as a first rough
approximation (due to their much lower values), this graph shows
that very similar strain paths are followed independently of the
considered zone. Secondly, the graph highlights the strong cou-
pling of the strain deformation modes. On the one hand, such a
complex coupling must be taken into account for modeling ap-
proaches: to the best of our knowledge, this is not the case at the
moment. On the other hand, this coupling should presumably be
altered by (even slight) modifications of the boundary conditions
of the test, e.g., closer to those encountered during fabric forming
processes (stamping, compression...): in-plane constraints such as
tension on yarns [60], out-of-plane compression and shear. This
open hypothesis requires additional experiments to be carried out.

4.2.3. Strain and strain gradient profiles along transition zones

The 2D experimental observations of the literature proved that
transition zones between the sheared zones A, B, C, D are not abrupt
but exhibit bands of finite widths [2,4,7]. These macroscopic bands
are correlated both to the poor scale separation between the macro-
scopic (sample) and the mesoscopic (yarn) scales and to the non-zero
bending stiffnesses of the yarns that induces smooth transitions of the
macroscopic fields. To complement and enhance quantitatively these
results, we have reported in Fig. 9 the profiles at various shear angles
y of the key strain invariants &,,, €, and ey, along lines initially
perpendicular to the transition zones B-D, as sketched in Fig. 1. A
similar figure is proposed along the line perpendicular to the transition
zones A-B in Appendix C (see Fig. C.13). The strain profiles have been
plotted as functions of the dimensionless variable s* = s/4, s is the
curvilinear abscissa of the line and A the in-plane length of the periodic
Representative Elementary Volume (REV) of the fabric (see Fig. 2).
From this figure (and Fig. C.13), it is clear that along the plotted
profiles there is a gradual transition which increases as the test evolves,
independently of the considered profile line and strain invariant. The
width of the transitions zones is well-identified: it does not depend
on the strain invariant nor on the profile line, being about 2 to 3
times the length 4 of the fabric REV, thus emphasizing the influence
of the mesostructure on the fabric macroscopic 3D strain fields. Note
that similar internal length effects have been found in other discrete
systems, e.g., during the compression of granular geomaterials with the
occurrence of well-known shear bands the width of which extends in
the order of a few grains [61].

It is also worth mentioning that the observed internal length effects
are not taken into account in the standard geometrical framework used
to analyze the bias-extension test [5]. In addition, these effects cannot
be captured when using the set of macroscopic mechanical models of
the literature which are based on a standard Cauchy continuum as-
sumption. Novel strategies based on generalized continuum approaches
such as second gradient models have been developed purposely, but
still lack quantitative experimental data to be properly built and cal-
ibrated [11,12,62,63]. For example, the second gradient hyperelastic
model reported in [63] suggests that the strain energy can be a function
of the gradient of the shear strain, accounting for the local in-plane
curvature of the continuum (and thus the yarn bending). Following
this approach, we computed the gradient of the in-plane deviatoric
shear strain along the transition zones, V&,, = 0¢,,/ds, and plotted
its evolution in Fig. 9 for line B-D (and for line A-B in Appendix C).
Thanks to the 3D images and the DVC measurements, we also computed
the gradients of other strain invariants such as V¢, and V&, (see the
same figures): as the observed auxetic and compaction effects should
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Fig. 8. Evolution of the mean values of the in-plane equivalent shear strain £,, (a), the volumetric strain ¢, (b), the out-of-plane strain £;; (c) and the elongation strains along
the weft ¢, (d) and the warp ¢, (e) directions, as functions of the shear angle y and for the four characteristic zones A, B, C, D, (i.e., the characteristic regions that are sketched
in Fig. 1). Note that shaded areas around the solid lines correspond to the DVC measurement errors calculated through the uncertainty analysis detailed in Appendix B. Graph (f)

gives the same strain paths in the (¢,,, €,, £;;) space.

partly be induced by the twisting and the out-of-plane bending of yarns,
these gradients may also be relevant quantities for the formulation of
second gradient models. Within a bandwidth similar to that observed
for the respective strain invariants, Fig. 9 highlights the sharp evolution
of the second gradient of the reported strains. In particular, it is
interesting to note that the evolution recorded for V £,, is very similar
to that exhibited by the in-plane yarn curvatures, which were assessed
by tracking manually the yarn centerlines along the transition zones in
the enhanced radiographs (see Fig. C.14 in Appendix C).

5. Conclusion

In this study, we presented novel experimental data that were
acquired during the in situ X-ray bias-extension of a thin balanced
twill fabric. A experimental set-up compatible with a laboratory X-
ray microtomograph was developed purposely. Beyond the standard
in-plane analysis of a bias-extension test, the main goal of this work
was the quantification of the full 3D strain field of the deformed textile
thanks to a DVC analysis of the 3D images acquired during the in situ
test. The measurement of the 3D kinematic fields was an intrinsically
a challenging task, due to the quasi-periodic architecture of the textile,
its highly anisotropic texture, but also the complex large deformations
with strain localization the textile was subjected to. To overcome these
bottlenecks, a dedicated DVC procedure was proposed, the key feature
of which was the gradual propagation throughout the specimen of
selected guiding points that were used as a proper initial displacement
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guess to a regularly-spaced “local” DVC computation. This method
delivered interesting experimental results that are summarized in the
following points:

» The macroscopic response exhibited a typical J-shaped force—
displacement curve. Yarn slippage was observed only at the end of
the test, implying that the material continuity condition assumed
in the DVC measurements was satisfied for all of the previous
loading steps.

The measurement of the shear angle (that reached 65° at the end
of the test) through the acquired images was necessary, since,
as expected, the geometrical prediction overestimated the actual
measurement above the locking angle of ~30°. This measurement
can be fairly well estimated from the knowledge of the initial ori-
entation vector of the weft and the warp and by simply convecting
these vectors with the gradient of the transformation deduced
from DVC measurements.

In accordance with the standard geometrical assumptions, the
bias-extension generated large shear strains of the fabric with
three distinct deformation regions exhibiting roughly constant
strain values. The 3D images coupled with DVC proved that the
bias-extension is not restricted to pure shear deformation, even
before the locking angle: other important deformation modes
occurred, such as the fabric compaction, out-of-plane auxetic
effects, and in-plane yarn expansion. Similarly with the shear
strain, these deformation modes were rather constant inside the
characteristic zones.
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Fig. 9. Evolution of in-plane equivalent shear strain £,, (a), the volumetric strain ¢, (b) and the out-of-plane strain e,; (c) along the adjacent region B-D (the path is sketched
in Fig. 1), together with their respective gradients V ¢, (d), Ve, (e) and Ve, as functions of the dimensionless curvilinear abscissa s*. Note that s* =0 is at region B.

+ Albeit rarely characterized, discussed and taken into account in
existing constitutive schemes, the volumetric strain field indicated
an important compaction of the fabric upon loading (reaching
30%). This compaction induced a severe increase of the fiber
content in the fabric. It is, in fact, a complex combination of
antagonistic deformation mechanisms induced by the multiscale
and highly anisotropic architecture of the fabric: (i) compaction
enhanced by the increase of the shear angle and thus a pro-
nounced decrease of the in-plane surface strain together with
yarn compaction (especially above the locking angle), (ii) dilation
induced by a marked out-of-plane auxetic expansion and a limited
in-plane yarn unfolding. In order to better understand these de-
formation mechanisms, a multiscale study is required. Combined
with the textile scale analysis presented herein, additional and
simultaneous analyses at the yarn and the filament scales will
allow to unravel quantitatively the coupled effects related to the
textile elongation/compaction/shear to those related to the yarn
compaction/torsion/tension/bending [8] to those related to the
filament rearrangement and bending [9].

In contrast with the standard geometrical assumptions, but in
accordance with previous experimental evidences, we showed
that the transition between the characteristic zones was smooth.
This transition occurred in a region with a band-width close
to 2-3 REV size, regardless of the considered strain invariant.
The results gathered in this study thus reinforce and complete
experimental observations already reported in the literature. They
highlight internal length effects which are (i) observable due to
a poor scale separation between the macro and the mesoscale
and (ii) due to the finite bending and twisting stiffnesses of
fiber yarns. They question the relevance of standard Cauchy
continuum-based models which cannot reproduce them. On the
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contrary, these results encourage the development of models in
the framework of generalized continuum mechanics, such as the
second gradient models recently proposed in the literature. In
this context, by extracting some interesting gradients of the strain
invariants from the 3D strain fields, this study also demonstrated
that the combination of X-ray tomography and DVC could be
an interesting experimental investigation method to build and
validate macroscopic models with enriched kinematic fields.

A number of important in-plane observations can be measured
during a standard bias-extension test. Other relevant information
can also be obtained from this test using 3D imaging (X-ray
tomography) or 2.5D imaging (stereo digital image correlation).
However, one should be aware of the (i) out-of-plane kinematical
constraints (mould contact/closure) but also the (ii) in-plane
mechanical/kinematical constraints (such as those investigated
in [60]) a textile is subjected to during its forming. Both are
not active during the bias-extension and should require further
investigations.

CRediT authorship contribution statement

O. Stamati: Conceptualization, Methodology, Software, Investiga-
tion, Writing — original draft. L. Orgéas: Conceptualization, Methodol-
ogy, Writing — review & editing, Supervision, Funding acquisition. S.
Rolland du Roscoat: Conceptualization, Writing — review & editing.
P. Lhuissier: Methodology, Software, Writing — review & editing.
P.J.J. Dumont: Conceptualization, Methodology, Writing — review &
editing. F. Martoia: Conceptualization, Methodology, Writing — review
& editing.



O. Stamati et al.

thickness [mm]

0.4 1.0

Fig. A.10. Thickness map of the studied textile in the reference configuration,
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Appendix A. Thickness of the textile
See Fig. A.10.
Appendix B. DVC measurements uncertainties

To quantify the measurements uncertainties of the applied DVC
procedure, a “zoomed out” scan was performed before starting the in
situ test. This scan was acquired after a 6.3% demagnification obtained
by translating the sample closer to the detector, decreasing the voxel
size from 30 (during the in situ test) to 32 pm. Note that the amount
of demagnification was chosen so as to correspond to the level of the
applied axial incremental strain during the in situ test.

B.1. Choice of DVC in-plane window size

As detailed in Section 3.2, the presented kinematic fields resulted
from a “local” DVC computation on a fine regularly-spaced grid. The
thin structure of the textile imposed the choice of a single window along
the thickness direction. To select the in-plane window size, a series of
local DVC computations between the reference and the “zoomed out”
scan was run for a range of contiguous correlation window sizes.

For each orthogonal direction, the evolution of the measured mean
strain of all windows is shown in Fig. B.11, along with the correspond-
ing standard deviation (i.e., 16). The imposed homogeneous demagni-
fication is also shown in a thick dashed line. The well-known [43,51]
trade-off between the spatial resolution of the measurement and the
level of the measurement uncertainty is demonstrated. Smaller win-
dows correspond to more measurement points, in the cost of higher
uncertainties which can dominate the signal.

Regarding the in-plane deformation, it can be seen that for a win-
dow larger than 71 x 71 px the imposed strain (thick dashed line) is
retrieved. Therefore, the size of the in-plane window for the in situ
test analysis was set to 91 x 91 px. Any in-plane strain component
presented in this work is accompanied by an error defined by the
corresponding standard deviation. Conversely, for the out-of-plane di-
rection, a constant discrepancy from the imposed strain in the order
of 2% is computed, regardless of the in-plane window size. This is
attributed to the highly anisotropic texture of the material, with a
considerably weaker gradient at this direction. It should be reminded
here that during the in situ test a significant amount of dilation was
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Fig. B.11. Evolution of normal strain components for a range of window sizes for the correlation between the reference and the “zoomed out” scan. Note that the imposed strain

is 6.3%.
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measured along the material direction, reaching 30%. The assessed 2%
out-of-plane deformation error is well-quantified and accompanies any

corresponding measurement given in this study.

B.2. Cross-validation of DVC strain measurements

To further assess the validity of the kinematic measurements, the
in-plane compaction of the tested woven fabric was measured by hand.

More specifically, in the enhanced projection of the reference scan, a
zone inside the central region D (see Fig. 1) covering 3 period lengths

of the textile was selected. This region was then identified by eye in
the remaining enhanced projections and its change of width is plotted
in Fig. B.12a. For the same region, the strain evolution along the ¢,
direction as measured by DVC is also plotted. It can be seen that the
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strain values measured by hand are in a very good agreement with the
DVC measurements, both indicating a large in-plane compaction of the
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Fig. C.14. Evolution of the yarn centerline along profile line A-B in the fabric plane
(left) and its curvature as a function of the dimensionless abscissa (right).

twill fabric. In the same context, Fig. B.12b compares the evolution
of the normalized thickness (see Section 3.1) of this region to the
measured out-of-plane strain £; along the material direction (i.e., e3).
Within the measurement uncertainty as quantified through the zoomed
out scan, it is shown that the out-of-plane measurements are in a good
agreement, both revealing the marked auxetic effect.

Appendix C. Strain and strain gradient profile along line A-B

See Figs. C.13 and C.14.
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