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cellulose (viscose) woven composites: orientation-dependent
mechanical properties and poisson’s ratio variations
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Abstract This study investigates the anisotropic
mechanical behavior of plain 1/1 woven regener-
ated cellulose composites, focusing on the influence
of yarn orientation on tensile stiffness and strength,
the composite toughness in the form of work of frac-
ture and Poisson’s ratio. The latter of which has not
been investigated so far in the context of cellulose
multifilament yarns. For this reason, a method using
Digital Image Correlation (DIC) was established to
provide a 3D high-resolution strain mapping. The
results reveal a high sensitivity of the Poisson’s ratio
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towards changes in yarn orientation making the weav-
ing structure an essential design parameter in the
engineering of bio-based lightweight composites. At
0 and 90°, the composites exhibit low Poisson’s ratios
(0.08 and 0.12), high stiffness (up to 7.1 GPa), and
tensile strength (up to 170 MPa), but display brittle
failure modes. Intermediate orientations, particularly
45°, demonstrate higher Poisson’s ratios (~ 0.9),
improved work of fracture values (up to 9000 J).
Conversely, the 60° orientation shows the low-
est mechanical properties, with stiffness and tensile
strength dropping to 3.1 GPa and 50 MPa, respec-
tively, due to critical misalignment effects. Seeking
an optimum energy uptake for lightweight compos-
ites under tensile loads, orientations of 45° should
be considered while intermediate orientation of 60°
feature adverse strength to toughness relations. The
findings contribute to the understanding of regener-
ated cellulose composites, which offer competitive
mechanical properties, biodegradability, and sustaina-
bility, making them suitable for lightweight structural
applications.

Keywords Anisotropic behavior - Deformation

behavior - Mechanical characteristics - Poisson’s
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Introduction

Composite materials play a critical role in mod-
ern engineering due to their unique combination of
high strength, low weight, and customizable proper-
ties (Gay 2022a). These materials are composed of
a matrix and reinforcement, which together provide
enhanced performance compared to their individual
components (Gay 2022b). Flexibility of these materi-
als to develop custom design and properties has made
them compulsory in industries where achieving an
optimal balance of efficiency, durability, and perfor-
mance is essential, considering for instance the aero-
space or automotive sector (Bhong et al. 2023). By
tailoring the selection of fiber and matrix, composites
can be designed to deliver specific properties, such as
high stiffness for structural applications or superior
impact resistance for protective systems (Sun et al.
2018). Among composite materials, woven compos-
ites have received considerable attention in materials
science due to their adjustable mechanical properties
(Rajesh et al. 2018; Elfaleh et al. 2023). The inher-
ent structural anisotropy and complex construction of
woven fabrics, however, pose challenges in accurately
characterizing their mechanical behavior, including
properties like stiffness, tensile strength, and Pois-
son’s ratio, which are crucial for predicting the perfor-
mance under various loading conditions (Osada et al.
2003; Venkateshwaran et al. 2012).Traditional meth-
ods (strain gauge, extensometer or video extensom-
eter) of measuring mechanical properties often fall
short in providing accurate strain distribution across
the composite surface because strain gauges provide
localized measurements (1-2 mm area), extensome-
ters offer averaged strain over a larger zone but remain
spatially limited, video extensometers only capture
average axial strain between gauge marks, which can
overlook local variations. Electronic Speckle Pattern
Interferometry (ESPI) offers nanometer-level sensi-
tivity for very small displacements, but DIC is a bet-
ter choice for composite testing due to its practicality
and ability to reveal strain localization and damage
evolution. where strain spreads unevenly because
stiff fibers resist deformation, while the softer resin
accommodates more strain, leading to heterogeneous
strain fields and local concentrations around fibers
and interfaces.

Digital Image Correlation (DIC) is a non-con-
tact optical technique that measures 2D or 3D
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deformations by analyzing images captured from
multiple cameras. By tracking the motion of a speckle
pattern applied to the specimen’s surface, DIC com-
bines the perspectives from at least two cameras to
triangulate the 3D displacement field. This stereo-
vision approach allows for the reconstruction of full-
field deformation, including in-plane and out-of-plane
displacements, providing comprehensive strain and
deformation measurements (Duchene et al. 2018)
(Ziaja et al. 2024). For woven-based composites, DIC
allows the visualization of inter-yarn interactions and
localized deformations, contributing to a more com-
prehensive understanding of how these materials
behave under various loading scenarios (Janeliukstis
and Chen 2021). Through DIC analysis, it is possible
to pinpoint areas of stress concentration, assess inter-
laminar failure modes, and observe the influence of
fiber orientation on strain distribution (Bassir et al.
2024). DIC can help to reveal progressive micro-
cracking along fiber boundaries in woven compos-
ites under cyclic loading and offers a real-time view
of damage propagation helping to predict the lifespan
of a composite element (Zhao et al. 2022). The non-
destructive nature of DIC allows repeated testing on
the same specimen and provides a continuous view of
mechanical property changes over time (Naufal et al.
2024).

Accurate measurement of Poisson’s ratio in woven
composites remains challenging due to their inher-
ent directional dependence (anisotropy) and complex
microstructure. Unlike homogeneous materials, the
interlacing fibers and resin-rich zones create non-
uniform strain distributions, leading to variations in
Poisson’s ratio depending on loading direction and
fiber orientation (Choi et al. 2023). Unlike isotropic
materials, woven composites display variable strain
responses depending on the fiber orientation and
weave patterns. By tracking both longitudinal and
transverse strains in real-time, DIC can provide a
detailed strain map of woven composites and reveals
how strain variations influenced by fiber arrangement
and weave patterns (Islam et al. 2024). Poisson’s
ratio in woven composites is not uniform across the
material but instead shows direction-specific behav-
ior influenced by fiber/yarn orientation (Wei and
Edwards 1998). DIC captures these variations effec-
tively and offers precise measurements which would
be difficult to achieve with traditional extensometers
(Alderson, Alderson 2007). Strain concentrations
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near crimped regions can significantly alter the effec-
tive Poisson’s ratio, a phenomenon that traditional
strain gauges often miss (Nazir et al. 2019). Through
non-contact monitoring, DIC can track Poisson’s ratio
progress under cyclic loading (Nguyén et al. 2023).
Regenerated cellulose composites behave dif-
ferently from synthetic ones because the fibers are
less stiff, more ductile, and bond better with epoxy
(Pickering et al. 2016). This leads to unique strain
and failure patterns in woven structures, where yarn
orientation strongly affects the mechanical response.
Despite the widespread application of woven fab-
ric composites, a deeper understanding of their ani-
sotropic mechanical behavior is still missing. How
does yarn orientation influence the tensile properties,
strain distribution, and Poisson’s ratio of regenerated
cellulose woven fabric composites? Critical aspects,
such as the impact of yarn orientation on stiffness,
Poisson’s ratio or failure resistance remain underex-
plored in current research. This study examines the
deformation behavior of plain 1/1 regenerated cel-
lulose (viscose) woven fabrics composites. Regener-
ated cellulose filaments can offer unique advantages
including biodegradability, reduced carbon footprint,
and good interfacial adhesion with epoxy matrices
while maintaining competitive mechanical properties,
suitable for light weight structural applications. The
investigation focuses on the deformation behavior of
woven composites consisting of epoxy-impregnated,
continuous regenerated cellulose filaments under ten-
sile loading. Using Digital Image Correlation (DIC),

mechanical properties, deformation behavior, and
Poisson’s ratio of plain 1/1 woven fabric composites
were evaluated. Samples of regenerate cellulose plain
1/1 woven fabric composite were prepared and cut at
an interval of 15° from 0° to 90° with respect to the
warp yarn. By systematically analyzing the mechani-
cal behavior across various orientations, this study
contributes valuable insights for optimizing both the
sustainability and performance of regenerated cellu-
lose composites for structural applications.

Materials and Method
Material

In this study, high strength regenerated cellulose
(viscose) in the form of plain 1/1 weave fabric
was used as a reinforcement for the development
of composite. This fabric was provided by Indo-
rama Ventures Mobility Bohemia s.r.o. (Lovosice,
Czech Republic). Instead of twisted filament yarns,
straight filaments in the form of tapes were used
Fig. 1. For the formation of this tape, viscose fila-
ments are combined with polyurethane filaments
(7.5% by weight), which act as a binder and form
a stabilizing layer around the viscose filaments
upon heating, a patent process, patent number WO
2024/223509 (Hehn et al. 2024). The polyurethane
component (7.5 wt%) was not intended to replace
the epoxy as the matrix phase. The linear density of

Polyurethane
Filament

-

Regenerated Cellulose
Filament

Thermal Heat
—)

Stable Regenerated
Cellulose Tape

Fig. 1 Process of tape formation from regenerated cellulose filaments
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the single viscose tape was 2440 dtex having 1320
filaments. The mechanical properties of all rein-
forcements are highlighted in Table 1. A two-com-
ponent epoxy resin (Epoxidharz L. + hardener GL
2) from R&G Faserverbundwerkstoffe GmbH, Ger-
many with a mixed viscosity at 25 °C of 248 mPas
was used as a matrix. In the final composite, epoxy
remained the primary matrix, while the orientation-
dependent deformation behavior and Poisson’s ratio

Table 1 Mechanical properties of regenerated cellulose’s (vis-
cose) fabric based on EN ISO 13934-1

were mainly governed by the woven architecture
and yarn alignment.

Sample preparation

The hand layup technique was used to prepare the
composites. First, the epoxy resin was prepared as per
the instructions given by the manufacturing industry
with a ratio of 100:30 (resin:hardener), mixed prop-
erly, and then left for 10 min. After that, epoxy resin
was poured on the fabric and spread evenly with the
help of a roller. The composite was pressed under
room temperature at 1.9 N/mm? pressure using a Hot
Press (Langzauner LZT-160-SFB, Maschinenfab-
rik Langzauner GmbH, Lambrechten, Austria). The
stamp size of the press was 180x300 mm?’. Sam-
ples were kept under pressure for at least 3 days until
they were fully cured. Composite sheets were then
left for one day in the climate room under standard
conditions of temperature and relative humidity i.e.,
(20+2C and 65%+5%).Then, the composite sheet
was cut at 7 different angles from 0° to 90° with an
interval of 15° based on the orientation of the warp
yarn as shown in Fig. 2. All test specimens were cut

Characteristics Regenerated cel-
lulose (viscose)
plain (1/1)
Grams per square meter (GSM) (g/mz) 217
Elastic modulus (GPa) 2.8
Tensile Strength (MPa) 112
Toughness at maximum load (Nmm) 3185
Toughness to failure (Nmm) 3833
Thickness (mm) 0.33
0° 15°
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& )
©
L
Weft We

60°
o
§Q)

ﬁ % 4,
geE = ¥ & &

[ s

a

o0 45°

Weft
Weft

Warp

Fig. 2 Illustration of samples cut at different angles
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from the same consolidated composite laminate pro-
duced during the hot-pressing process. Therefore, the
specimen thickness, fiber-matrix ratio, and composite
density remained identical for all orientations, and
only the cutting angle relative to the warp yarn direc-
tion (0°-90°) was varied. For 0° and 90° orientations,
the specimens contained 11 viscose tapes across the
specimen width, ensuring consistent reinforcement
distribution. For the other orientations (15°-75°),
the specimen width was kept constant. The warp
yarn direction of the woven fabric was used as the
reference axis and prepared by marking the required
angles relative to the warp direction using a preci-
sion protractor template, followed by cutting which
maintained a comparable cross-sectional area for all
samples during tensile testing. Before testing, a pro-
tective layer of beech veneers was applied at the ends
of the cut samples using a single-component polyu-
rethane to avoid sample failure in the clamping area.
The design of the experiment includes seven different
types of samples with at least 5 repetitions of each to
account for material variability and to ensure statisti-
cal reliability. Each sample was assigned a code based
on its angle with respect to the warp yarn (e.g., 0° for
a fabric at 0-degree warp angle and 90° is for fabric at
90-degree warp angle).

Mechanical Characterization

The mechanical testing of the composites was done
according to the ASTM D3039 with a universal test-
ing machine (Z100; Zwick/Roell, Ulm, Germany),
running the software testXpert III (Zwick/Roell,Ulm,
Germany) and additionally equipped with an inter-
face to directly transmit and synchronize the infor-
mation about the forces detected by the DIC device
Q-400 (Dantec Dynamics, Aalborg, Denmark) oper-
ated using Istra 4D software (version 4.9). Imaging
was performed using a pair of synchronized Basler
acA4112-30 um cameras, each equipped with a
1” Sony CMOS sensor providing a resolution of
4112x3008 pixels (=~ 12.4 megapixels). The cam-
eras were fitted with Schneider-Kreuznach Xenoplan
2.0/50 1220 HV lenses, which offer high optical pre-
cision and are optimized for industrial environments
with vibration. These lenses provided minimal dis-
tortion and high contrast, enabling accurate subpixel
correlation of speckle patterns. The distance from the
cameras to the specimen surface (Standoff distance)

was maintained at approximately 10-11 cm, with a
baseline (distance between the two lenses) of 4-5 cm.
The optical axes of the cameras were converged
toward the specimen at a stereo angle of approxi-
mately 15-20°, optimized for accurate 3D reconstruc-
tion. The cameras were calibrated using a standard
calibration screen (GL-06-BMB-9 x9) through the
software Istra4D 4.9.

The prepared samples were coated with a speckle
pattern (a random, high-contrast pattern applied to a
specimen’s surface) using normal black spray paint to
create a random pattern for the DIC system to track
deformation during testing Fig. 3. Random speckle
patterns generated using spray paint are a standard
and cost-effective method in DIC experiments. This
approach has been validated in numerous studies
(Baran et al. 2017; Feng et al. 2022). The samples
were then clamped into the tensile grips, ensuring a
straight alignment to avoid skewed results. Two uni-
form LED panels were used to ensure homogenous
illumination of the specimen surface. Before the test,
a preload of 50 N was applied to remove slackness
and ensure proper grip contact. Synchronized DIC
system with the Zwick 100 machine record surface
displacement at each time step as the load increased.
The recording sequence speed was set to capture one
image per second during the tests. For analyzing the
images, the area of interest was marked for all sam-
ples, and evaluation settings (Facet size 29 pixels,
grid spacing 17 pixels) were kept consistent. Facet
size refers to the square area of pixels selected for
tracking a pattern on the sample’s surface while grid
spacing is the distance between the centers of adja-
cent facets.

Working Principle of Digital Image Correlation
(DIC)

Digital Image Correlation (DIC) works by capturing a
series of images of a specimen surface as it undergoes
deformation. The process begins by capturing a refer-
ence image, which displays the material in its original
& undeformed state. As the test progresses subse-
quent images are compared to the referenced image
and track changes on the surface. A random speckle
pattern applied to the surface helps the system iden-
tify and follow specific areas, called subsets, through-
out the deformation. A subset is a small square or rec-
tangular region of pixels selected from the reference

@ Springer
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Fig. 3 Digital Image Correlation (DIC) setup for tensile test-
ing of composite specimens a regenerated cellulose fabric, b
composite sheet development, ¢ prepared specimen for tensile
test, d speckle pattern on sample surface, e reference image

image. The software finds where this subset moved in
the deformed image by matching pixel patterns. By
correlating the subsets detected by cameras from dif-
ferent angles, the system creates a 3D model of the
surface. The movement and deformation of each sub-
set are determined by tracking changes in the bright-
ness of pixels within the images. By comparing the
changes between the reference and deformed states,
the software (Istra4D 4.9) calculates displacement
and strain on the surface and provides precise data
about how the material responds to the tensile loads
applied. Consistent facet size, grid spacing, lighting
conditions, and camera alignment were maintained
for all tests to ensure reliable strain evaluation.
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view from Istra 4.9 software, f schematic diagram of stereo
camera setup, g actual experimental setup with cameras, light,
and tensile machine

To capture localized deformation, engineering
principal strain maps were generated. Principal strain
represents the maximum localized stretching or com-
pression within the material, and in composites espe-
cially under off-axis loading its distribution and ori-
entation provide valuable insight into the underlying
deformation mechanisms. These strain maps were
used to identify regions of concentrated stress, ena-
bling the detection of potential crack initiation sites
and failure paths.
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Calculation of Poisson’s Ratio

In the Istra 4.9 digital image correlation (DIC) soft-
ware, the surface of a test specimen divided into a
grid of sub-regions (facets) to facilitate high-resolu-
tion deformation analysis under uniaxial tensile load-
ing. Software tracks the displacement of each facet
by correlating speckle patterns captured via high-
resolution imaging. From these displacement fields,
Istra 4.9 computes the longitudinal strain along the
loading axis and the transverse strain perpendicu-
lar to it. Poisson’s ratio for each facet is calculated
as the negative ratio of transverse to longitudinal
strain as shown in Fig. 4 where mstrain stands for
microstrain, 1 mstrain (or p8)=1x10_6=0.000001.
This process yields a spatially resolved map of Pois-
son’s ratio, enabling visualization of its heterogene-
ity across the specimen surface. Poisson’s ratio was
determined using averaged strain values from the
central region of interest, while edge regions near the
grips were excluded to avoid boundary effects and
noise in the DIC measurements. Software also has
the capability to compute an average Poisson’s ratio
over a user defined region of interest, while retaining
the detailed spatial distribution for localized analysis.
This function supports comprehensive material char-
acterization and detailed investigation of microstruc-
tural variations.

Results and discussion
Mechanical properties

There are high differences in variability of proper-
ties (Fig. 5), since the specimens were cut at different
orientations, there is always a probability that same
angel samples cannot be cut at exactly same fiber vol-
ume fraction. Due to this microstructural variability
within the woven composites play it part by chang-
ing yarn crimp, waviness, and resin-rich pockets.
The mechanical properties, energy absorption and
deformation pattern of plain-woven fabric compos-
ites change significantly depending on the yarn ori-
entation in tensile direction, which influence how
load is distributed across the material as shown in
Fig. 6. At 0° orientation, the warp yarns are aligned
with the loading direction and therefore act as the
dominant load-bearing component. This results in
the highest average stiffness (7.1 GPa) and tensile
strength (170 MPa). At this angle composites fail in
an abrupt and brittle way, because the warp yarns
dominate the load-bearing capacity, and the matrix
has little involvement as compiled in the fracture
patterns in Fig. 7. In return, the work of fracture is
relatively low (5000 J) because of minimal deforma-
tion and crack resistance (de Paiva et al. 2006). As
the yarn orientation shifts to 15° and 30°, mechanical
response becomes more complex. The direct align-
ment of warp yarns with the load decreases, and the
role of off-axis (weft) yarns and matrix deformation
increases. 84% warp and 16% weft by mass in 15°,
and 66% warp and 34% weft in 30°, (these % figures

Fig. 4 Calculation of Pois-
son’s ratio
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Fig. 7 Tested samples showing deformation behavior of samples with respect to the angle

represent estimated material proportions, based on
the geometric orientation of the yarn systems relative
to the loading direction, not a direct distribution of
mechanical contribution) and this results in a reduced
stiffness and strength as warp yarns are no longer
fully aligned with the load. At this stage the mechani-
cal behavior of regenerated cellulose plain 1/1 woven
composites is strongly influenced by yarn orientation
and composite’s ability to absorb energy improved as
the work of fracture increases to 6500 J and 7500 J for
15° & 30° respectively, because the matrix undergoes
progressive cracking, allowing more energy to dissi-
pate through the composite during failure (He et al.
2020). The deformation behavior of samples becomes
more noticeable, with wearing out of yarns and some
splitting. At 45°, warp and weft yarns share the load
equally (50% each), creating a balance of strength,
deformation, and energy absorption. Work of frac-
ture was highest at this angle (9000 J). This results
in yarn pull-out, and widespread deformation before
failure, making the material more tough (Pan et al.
2009). While stiffness (3.6 GPa) and tensile strength
(60 MPa) are lower compared to the samples at 15°
and 30°.

At 60° yarn orientation, the loading direction
diverges from the warp alignment, and more load
being transferred to the weft yarns. Unlike the warp
yarns, which are typically straighter and stiffer, the
weft yarns have higher crimp due to the weaving
process inducing inherently lower stiffness. As a
result, although the weft yarns begin to contribute

more to load transfer at this angle, their crimped
structure leads to more deformation and a pro-
nounced shear response. Although it might expect
45° to yield the lowest properties but combined
effect of misalignment of warp yarns, activation
of crimped weft yarns, and increased shear lead to
lower overall stiffness in the 60° sample compared
to all other orientations. Stiffness and strength drop
to their lowest levels (3.1 GPa and 50 MPa), and
the work of fracture is also low (4500 J) (Munro
et al. 1997; Lomov et al. 2000). At 75° weft yarns
dominate further, contributing 84%, while the warp
yarns contribute just 16%. The better alignment of
weft yarns with the load direction improves stift-
ness (5.2 GPa) and tensile strength (90 MPa), and
the work of fracture rises to 5000 J. Deformation
becomes more uniform, with less damage to sam-
ples compared to 60°. Finally at 90°, At 90° orien-
tation, the weft yarns become the dominant load-
bearing component, while the matrix and warp
yarns contribute indirectly through stress transfer
and structural constraint. The stiffness (6.8 GPa)
and tensile strength (150 MPa) are slightly lower
than at 0° because the weft yarns have more crimps
than the warp yarns, reducing their effective-
ness (Ungerer et al. 2022). The work of fracture
drops again to 4500 J, with failure being clean and
dominated by the yarns. Plain-woven compos-
ites’ mechanical properties depend strongly on
yarn orientation relative to load direction. Aligned
yarns provide maximum stiffness and strength but

@ Springer
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Fig. 8 Stress—strain curves of regenerated composites cut at
different angles

fail brittlely. Off-axis orientations increase matrix
involvement, improving energy absorption through
cracking and yarn-matrix interactions. Balanced
warp-weft loading enhances toughness, but extreme
misalignment weakens performance when neither
yarn system effectively engages. However, at cer-
tain orientations, like in case of 60° both warp and
weft yarns were not aligned effectively, leading to
reduced mechanical properties and early failure.
Figure 8 shows the stress—strain curves of repre-
sentative specimen. These curves represent the best-
performing samples (highest modulus) from each
replicate tested in terms of mechanical properties.
Since a total of 35 specimens were tested, plotting all
curves would reduce figure readability. Therefore, the
statistical variability of the mechanical properties is
already presented separately using box plots in Fig. 5.
The observed variation in stress—strain behavior with
increasing orientation angle is related to the transi-
tion from fiber-dominated loading to shear-dominated
deformation in the woven structure. At 0° and 90°, the
composite is strongest and stiffest because the load
aligns perfectly with either warp or weft yarns, but it
is brittle with limited energy absorption. At interme-
diate angles, especially 45°, the balance between yarn
and matrix contributions allows for better toughness
and energy absorption, making the composite more
resistant to damage. Poor alignment at 60° results in
the weakest performance, showing that yarn orienta-
tion must be carefully tailored for specific applica-
tions to achieve the desired balance between strength,
stiffness, and toughness. As the angle increases

@ Springer

further toward 75°-90°, the weft yarns become more
aligned with the loading direction, which explains the
recovery in mechanical properties.

Poisson’s ratio

Poisson’s ratio behavior of the regenerated cellulose
composites exhibits remarkable orientation-depend-
ent characteristics, demonstrating the samples pro-
nounced anisotropic nature., as shown in Fig. 9. At 0°
orientation the yarns are fully aligned with the load-
ing direction, composite shows a mean longitudinal
strain of 70.82 mstrain, accompanied by a minimal
transverse contraction of —5.77 mstrain, resulting in
a notably low mean Poisson’s ratio of 0.08. Compos-
ites reinforced with highly aligned yarns; the tensile
load is predominantly carried by the yarns due to
superior axial stiffness. This efficient load-bearing
mechanism significantly limits the overall deforma-
tion of the composite under tensile stress. Matrix
contributes minimally to load resistance; the system
exhibits restricted plastic deformation and low energy
absorption. Once the tensile capacity of the yarns is
exceeded, the composite fails abruptly, displaying a
brittle fracture with little prior strain. Poisson’s ratio
in such systems tends to be low and positive, as the
yarns stiffness constrains lateral contraction dur-
ing axial loading. Results in a (positive) Poisson
effect, a characteristic of anisotropic fiber-reinforced
composites (Fang et al. 2022). Mean Poisson’s ratio
(Fig. 10) increases to 0.63 at 15° reflecting the effect
of yarn misalignment. The longitudinal strain is simi-
lar to the 0°, with a mean value of 69.41 mstrain,
but the transversal strain becomes more pronounced
around —43.75 mstrain. The effect becomes more
pronounced at 30°, where the Poisson’s ratio rises
to 0.83. Here, the longitudinal strain also increases
slightly to 74.57 mstrain, while the transverse strain
reaches—63.01 mstrain, suggesting that the shear
deformation mechanisms become more dominant as
the yarn orientation diverges further from the loading
axis.

At a yarn orientation of 45°, which corresponds
to the principal direction of maximum in-plane shear
stress in composite laminates, Poisson’s ratio reaches
a peak value of 0.90. This orientation also results in
the highest measured strain values 148.16 mstrain in
the longitudinal direction and — 135.14 mstrain in the
transverse direction. The 45° alignment represents
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the condition under which axial stresses are most
effectively transformed into shear stresses within
the composite. The deformation response is pri-
marily governed by matrix shear and yarn angle, as
axial stiffness is no longer the dominant factor. This
shear-dominated state leads to transverse contraction,
explaining the elevated Poisson’s ratio and strain lev-
els (Mahfuz et al. 2004). Orientations at 60° and 75°
maintain relatively high Poisson’s ratios of 0.93 and
0.75, respectively, reflecting the continued dominance
of shear and transverse deformation modes. At 90°
orientation, again yarns are fully perpendicular to the
load, the composite again shows a low Poisson’s ratio
of 0.12, with longitudinal strain of 74.13 mstrain and
transverse strain of— 8.56 mstrain.

Compared to traditional composites like glass &
carbon fiber, the plain 1/1 viscose/epoxy samples
show comparative Poisson’s ratios at 0° orientation
(0.08) and 90° orientation (0.13), indicating good
axial stiffness and minimal lateral deformation due to
aligned viscose tapes. Carbon and glass fiber compos-
ites typically exhibit Poisson’s ratios in the range of
0.10-0.40, at 0° (Craig and Summerscales 1988; Shan
et al. 2022). Hemp-based natural composites, depend-
ing on fiber quality and orientation, usually present
values around 0.30-0.40 (Yan et al. 2014). The much
broader range observed in viscose/epoxy (from 0.08
to 0.91) highlights its pronounced anisotropic behav-
ior under tensile loading, governed by yarn alignment
mechanisms (Craig and Summerscales 1988). Orien-
tation-dependent Poisson’s ratio values can be crucial
for accurately capturing the anisotropic deformation
of composites. It can provide essential material inputs
for finite element modeling (FEM) and laminate the-
ory simulations, enabling precise prediction of stress,

@ Springer

strain, and failure in fiber-reinforced laminates at var-
ying fiber directions.

Strain distribution and failure mechanism

Figure 11 shows the Engineering principal strain dis-
tribution in composite samples of plain 1/1 weave
viscose epoxy composite at different orientations with
respect to warp yarns (0, 30°, 45°, 60°, 75°, and 90°)
during tensile testing. The scale on the side of each
image shows the values of the strain. The color cod-
ing indicates the magnitude of strain, with warmer
colors (yellow and red) corresponding to higher
strains, and cooler colors (blue and purple) indicat-
ing lower strains. The plain 1/1 weave pattern is char-
acterized by the interlacing of yarns in a criss cross
manner. At different angles of warp yarn, the inter-
action between the yarn orientation and the applied
stress will vary, leading to different strain localized
distributions. Strain localization is the concentration
of deformation in specific regions of a composite
under load, often occurring near matrix-rich areas or
fiber interfaces. It signals the onset of damage such
as matrix cracking or fiber breakage. In composites,
this behavior is critical for identifying failure zones
and is commonly observed as strain hotspots in DIC
analysis.

At 0° yarn orientation (warp-aligned), these warp
yarns bear the load, resulting in efficient load trans-
fer and minimal overall deformation. The weft yarns,
oriented perpendicular to the loading direction, con-
tribute negligible to the mechanical force and remain
unstressed. Shear deformation is minimal in this con-
figuration, as the load is carried directly through the
straight warp yarns without significant distortion. The
strain distribution is primarily concentrated along the
warp direction, reflecting the engagement of these
yarns in resisting the applied stress. Strain levels are
relatively low (0.1% to 2%) and uniformly distributed,
with only minor localized strain variations observed
near the central region of the specimen. This indi-
cates that the composite maintains structural integrity
and resists deformation effectively under axial load-
ing. The failure mode at this orientation was tensile
rupture of the warp yarns once their load-bearing
capacity was exceeded (Patel and Peralta 2017). At
15°, the strain distribution is uneven, ranging from
0.5% to 2.5%. Load is still mainly carried by the warp
yarns, because the warp yarns are still aligned with
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the load direction. Shear forces start to develop due
to the angle between yarns and the load, leading to
shearing deformation at yarn intersections. Failure is
more ductile compared to 0°. As failure approaches,
strain increases to 14%, weft yarns start to experience
stress, though not as much as the warp yarns, and
this results in an increased strain at the yarn intersec-
tions. Shear failure occurs at yarn intersections. Sam-
ples cut at 30° weave (moderate angle) load is shared
more evenly between the warp and weft yarns than
15° samples. Material is subjected to higher shear
forces, which leads to more distributed deformation.
Yarns are no longer aligned with the applied load.
Weft yarns are now engaging more in load transfer,
and there is an increase in shear deformation in the
weft direction. Strain distribution becomes more
complex, and localized strain areas appear. The inter-
face between yarns failed due to the shearing forces.
Fiber-matrix debonding also occurs as the material is
subjected to both tensile and shear stresses.

At 45°, the load is not aligned with the yarns in
either direction. Strain ranges from 1 to 7% at the
beginning, the load is more evenly shared between
the warp and weft yarns. Material’s stiffness signifi-
cantly decreases, and the deformation becomes non-
uniform. Material is much more flexible at this angle
and experiences greater strain. As the test progresses,
strain increases to 30%, with localized high-strain
regions showing where cracks begin. The highest
strain remains diagonal, aligned with the yarn direc-
tion, suggesting significant shear deformation within
the matrix (Ge and Hu 2015). At 60°, the strain ini-
tially ranges from 2.5% to 6%, at this angle, the strain
distribution is somewhat similar to the 30° and the
matrix plays a larger role in transferring stresses due
to the misalignment of both yarn systems with the
applied load. As the test continues, strain increases up
to 20%. The strain is relatively low, but more local-
ized areas show higher strain. Neither is the yarn sys-
tem well-aligned with the load, causing early strain
localization and failure.

At 75°, strain is initially uniform, ranging from
0% to 0.5%, with the load being transferred mostly
through the weft yarns, which are more aligned
with the load direction. As the test proceeds, strain
increases to 8% with strain concentrating along the
weft yarn paths. The composite shows better energy
absorption compared to the 60°. At 90°, strain starts
at values between 0% and 1.2%, with the load mainly

carried by the weft yarns, which are perfectly aligned
with the applied load. This results in efficient load
transfer, with little involvement from the matrix in the
early stages. As the yarns reach their tensile strength,
strain becomes localized, particularly along the weft
yarns. The failure at 90° is brittle, dominated by yarn
rupture(Holmes et al. 2020).

The mechanical behavior of regenerated cellulose
plain 1/1 woven composites is strongly influenced by
yarn orientation (Sohaib Anas et al. 2025), as demon-
strated by the varying stiffness, strength, and failure
modes across different angles. The highest stiffness
and tensile strength at 0° and 90° align with previous
studies on aligned fiber composites, where load trans-
fer is most efficient along the principal fiber direc-
tion. However, the reduced performance at interme-
diate angles (15°-75°) reflects the increasing role of
matrix, shear and yarn crimp. The observed peak in
energy absorption at 45° can be attributed to the bal-
anced contribution of warp and weft yarns, promoting
progressive damage through matrix cracking and yarn
pull-out rather than sudden yarn rupture. This behavior
is like that seen in glass and carbon woven composites,
where off-axis loading enhances toughness by activat-
ing multiple failure mechanisms (Karahan and Kara-
han 2013; Zhou et al. 2021; Wang et al. 2024). But
exceptionally low performance at 60° suggests a criti-
cal misalignment threshold where neither yarn system
effectively resists the applied load, leading to premature
failure, a phenomenon less pronounced in synthetic
fiber composites due to their higher inherent stiffness.
Similar orientation-dependent responses have also
been reported in conventional woven glass and carbon
fiber composites under off-axis loading, where stiffness
decreases at intermediate angles while energy absorp-
tion increases due to shear-dominated deformation
mechanisms (Lomov et al. 2009). But compared with
synthetic fiber systems, regenerated cellulose com-
posites tend to exhibit greater deformation and matrix
participation because of the lower stiffness and higher
ductility of the cellulose filaments, which enhances
toughness.

Poisson’s ratio variations further underscore the
anisotropic nature of these composites. The near-zero
values at 0° and 90° are typical of highly aligned yarn
systems, where lateral contraction is constrained by
fiber rigidity. In contrast, the elevated Poisson’s ratios
at 45°-60° indicate significant shear-induced deforma-
tion. The strain distribution patterns, captured via DIC,
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«Fig. 11 Principal strain (%) distribution obtained from Digital
Image Correlation (DIC) for specimens 0°, 15°, 30°, 45°, 60°,
75°, and 90° and show the strain fields at the initial deforma-
tion stage and at the final stage immediately before failure, cor-
responding to an applied engineering strain of 1%

reveal localized strain concentrations at yarn intersec-
tions in off-axis samples, confirming that stress redis-
tribution occurs through matrix shear rather than direct
yarn loading.

Conclusion

This study critically examines the anisotropic behav-
ior of plain 1/1 woven regenerated cellulose com-
posites, with a particular emphasis on mechanical
properties, Poisson’s ratio and deformation across
different yarn orientations ranging from 0° to 90°.
The application of Digital Image Correlation (DIC)
provides high-resolution strain mapping and reveals
that Poisson’s ratio significantly differs with yarn
orientation. Notably, at 0° and 90°, the composites
exhibited low Poisson’s ratios of approximately 0.08
and 0.12 respectively, highlighting the dominance of
aligned warp and weft yarns in resisting lateral defor-
mation. These orientations also demonstrated the
highest stiffness (up to 7.1 GPa) and tensile strength
(up to 170 MPa), but with limited energy absorp-
tion and brittle failure modes. On the other hand,
intermediate yarn angles particularly 45° and 60°
showed higher Poisson’s ratios (~ 0.9 and ~ 0.91),
these orientations gain improved energy absorp-
tion and toughness, and work of fracture values (up
to 9000 J at 45°). At 60° orientation the composites
exhibited the lowest mechanical properties, with stiff-
ness and tensile strength dropping to 3.1 GPa and
50 MPa, respectively. Critical misalignment effect at
60°, where neither yarn system contributes effectively
to load transfer. This distinct failure threshold has
not been emphasized in prior literature and provides
a design warning for applications relying on off-axis
load paths. In contrast, the identification of 45° as the
optimum orientation for energy absorption highlights
opportunities to tailor fabric orientation for toughness
and progressive damage tolerance.

Regenerated cellulose composites show competi-
tive stiffness and their biodegradability and sustain-
able production make them viable for lightweight

structural applications where moderate strength and
environmental impact are prioritized. Future research
can explore hybrid reinforcements, optimized weave
architectures, and advanced resin systems to enhance
mechanical performance while retaining sustainabil-
ity benefits.
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