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Abstract: Stitched filaments are known to modify the mechanical properties of glass-fiber-reinforced
polymers 2D (GFRPs 2D), so studying the effect on mechanical properties is underway to determine
the critical variables involved. This research focuses on the study of the tensile strength effect
of stitched low-density Barkley FBA BGQS15-15 nylon monofilament on biaxial E-Glass Saertex
830 g/m2 (+/−45◦) cured with Polyester Sypol Resin 8086 CCP using a vacuum infusion process.
Four specimens were made with longitudinal distances between the stitched reinforcements of 0.5, 1.0,
1.5, and 2.0 cm, respectively. Tensile strength tests based on standard ASTM D3039 were performed
to study how stitching can affect toughness, Young’s modulus, deformation, ultimate strength, and
yield strength. The results indicated that the stitching increases Young’s modulus up to 99.2%, UTS
is increased by up to +3.14%, deformation decreases by up to −41.66%, and toughness decreases
by up to −36.89%. Although the stitching’s main function is to increase interlaminar resistance, it
also induces the formation of stress concentrations by the new threads, and premature failure in the
matrix was shown.

Keywords: composite; delamination; laminated; tensile; interlaminar; fiberglass; polyester

1. Introduction

The aerospace sector is one of the engineering industries where the most importance is
given to the innovation of new materials due to the working conditions that aircraft must
endure in the distinct phases of flight. The use of composite materials in the aerospace industry
has grown since 1980 thanks to their low density, better mechanical properties, and chemical
inhibition in comparison to aluminum alloys used, such as 2024, 6061, and 7075 [1,2].

Unfortunately, composite materials have many defects: one of these is delamination,
which is a critical failure mechanism in laminate composites caused by high interlami-
nar stresses coupled with typically exceptionally low through thickness strength. The
phenomenon arises because the fibers lying in the plane of a laminate do not provide
reinforcement through the thickness, so the composite transfers all external loads into the
weaker matrix [3,4].

As far as delamination solution goes, several types of manufacturing that drastically
improve interlaminar resistance have been studied, such as 3D weaving, z-pinning, braid-
ing, tufting, and stitching [5–9]. Stitching is one of the most interesting processes since it
is much easier to fabricate, and there are also methods used to join different composite
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parts [10]. There are several types of stitching, such as tufting and lockstitch, modified
lockstitch, chain stitch and one side stitching, to name a few [11–13]. Stitched composites
can improve up to 15 times on interlaminar resistance [14]. Chen et al. [15] report that
with their stitched method, the fracture toughness can increase 45 times more. Another
study made a composite with 0.33 mm diameter steel wires separated by 1.6 mm; this
increased interlaminar resistance by 50%, but the manufacturing was non-practical [16].
Another study on carbon fiber/epoxy with Kevlar threads shows that while stitching arrests
delamination, there is a variation in tensile strength [17].

Even so, there have been different studies related to issues in formability in stitch
composites. Some have shown different methods to fit complex molds by cutting the woven
materials and stitching them, which also increases the mechanical properties in the stitch
joints [18–24]. Karahan et al. [25] have shown that the density, direction, and pattern of
the stitching are critical parameters for optimal mechanical properties. The density of the
stitch is particularly important, such as there is a critical stitch density in which a maximum
interlaminar resistance is reached. After that, no more resistance gain can be achieved, but
a major density stitch can cause a misalignment within the woven material, which then
affects its mechanical properties [26]. Karahan et al. [23] in their study showed that stitch
density is inversely proportional to tensile strength by the creation of stress concentration
in the stitching points. Mulat et al. [27] have shown that stitched composite increases
impact resistance, but the damage zone has shown the formation of wrinkles which the
unstitched sample does not have, leaving permanent deformation in some samples and a
weak recovery after deformation in comparison to the non-stitched sample. To eliminate
this, more layers of stitching must be made, but still, deformation recovery is compromised.

The motivation of the present study is to manufacture an unmanned aerial vehi-
cle made of composite material, and since delamination is a concern, the stitching pro-
cess will be used to increase delamination resistance as it is the process more conve-
nient to us, but more information regarding the effect of the stitching on all the me-
chanical properties is needed. This investigation is focused on the tensile fracture be-
havior in four lengths of nylon stitched patterns (0.5, 1.0, 1.5, and 2.0 mm) in a biaxial
E-Glass Saertex 830 g/m2/Sypon 8086 polyester resin composite. Nylon yarn was chosen
because of its low density, tensile and impact strength, and chemically inert property.
Flexibility is another beneficial property as it is not as stiff as carbon fiber, Kevlar, or metals,
so it does not damage the matrix or reduce flexibility on fiberglass woven when making
complex geometries of composite materials [18–24].

2. Materials and Methods

The specimens were made via a resin transfer molding (RTM) process with 6 layers
of E-Glass Saertex 830 g/m2 Biaxial (+/−45◦) lockstitched with a Brother Exedra sewing
machine using an orthogonal weave pattern of 0.3 mm diameter Barkley FBA BGQS15-15 nylon
monofilament and polyester resin Composite Envisions 1179 (see Table 1). The specimen’s size
was made based on ASTM D3039 [28] (250 mm length × 25 mm width × 2.5 mm thickness)
with a curing time of 48 h.

Table 1. Material properties used for composites.

Material E-Glass Saertex 830 g/m2

Biaxial (+/−45◦)
Barkley FBA BGQS15-15

Nylon Monofilament

Polyester Resin
Composite Envisions

1179

Density, (g/cm3) 2.76 1.6 1.089
Filament diameter, µm 12 300 --

Modulus of toughness, (GPa) 72 -- 0.63
UTS, (MPa) 2300–2400 1400 47

Four samples were performed with longitudinal distances between stitches of 0.5,
1, 1.5, and 2 cm, respectively. For this article, the unstitched samples will be named and
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labeled as “N” samples, the samples with stitching length distances of 0.5 cm will be simply
named “0.5”, the samples with stitching length distances of 1.0 cm will be named as “1.0”,
and so on. Five specimens for each sample have been made according to ASTM D3039,
identified as consecutive letters. For instance, “N” specimens are labeled as NA, NB, NC,
ND, and NE (without stitched); “0.5” specimens are labeled as 0.5A, 0.5B, 0.5C, 0.5D, and
0.5E (stitched with separation of 0.5 cm), and so on (obtaining a total of 25 samples). The
stitching separations were made as shown in Figure 1.
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Figure 1. Weaving stitch: (a) sample identification patterns; (b) stitch sample on sewing machine.

Tensile tests were made according to the ASTM D3039 standard [28] in a Sintech 20
D universal testing machine. Tensile stress is defined as the ratio of the stretching force
applied to the original cross-sectional area of specimen A [29]:

σ = F/A, (1)

where:
σ = tensile stress, MPa (N/ mm2);
F = stretching force applied, N;
A = cross-sectional area of the specimen, mm2.
When tensile stress is applied, a strain may occur, which is defined as [29]:

ε =
l f − lo

lo
, (2)

where:
ε = tensile strain, mm/mm;
lf = instantaneous length of the specimen, mm;
lo = initial length of the specimen, mm.
Young’s modulus is the ratio of stress to strain in the elastic region of a stress–strain

curve, defined as [29]:

E =
∆σ

∆ε
, (3)

where:
E = Young´s modulus, GPa;
∆σ = change in tensile stress within 2 points of strain, MPa;
∆ε = change in tensile strain within 2 points, adimensional.
Toughness is the amount of energy a material can absorb without fracture. Modulus

of toughness quantifies the toughness of the material by calculating the total area under
the stress–strain curve up until the fracture point of the specimen, defined as [29]:

T =
∫ l f

lo
σdl (4)
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where:
T = toughness, MJ/m3;
lf = instantaneous length of the specimen, mm;
lo = initial length of the specimen, mm;
σ = tensile stress, MPa (N/ mm2);
l = length.

3. Results
3.1. Tensile Test Results

Figure 2 shows the stress–strain curves obtained from the tensile tests, and Table 2 shows
the average tensile test results for each sample as well as percentages of increase/decrease in
the stitched samples over the unstitched material. Figure 2a corresponds to the stress–strain
diagrams of composite N samples, where there is an average UTS of 187.6337 MPa and a strain of
0.0403 mm/mm. Figure 2b corresponds to the stress–strain diagrams of the 0.5 samples, where
an average UTS of 193.5973 MPa and a strain of 0.0235 mm/mm were obtained, in addition to an
increase in the slope of the lo curve, which results in a 99.20% higher average Young’s modulus
compared to the N sample. Figure 2c corresponds to the 1.0 samples, where an average UTS of
189.7865 MPa was obtained, an average deformation of 0.0272 mm/mm, and a slight decrease
in the slope, which indicates that Young’s modulus decreases in comparison with the 0.5 sample.
Figure 2d corresponds to the stress–strain diagrams of the 1.5 samples, where an average UTS
of approximately 188.9748 was obtained, an average strain of 0.0307 mm/mm, and a slight
decrease in the slope concerning the previous sample, which indicates that Young’s modulus
decreases. Finally, Figure 2e corresponds to the stress–strain diagrams of the 2.0 samples, where
an average UTS of 188.6894 MPa and an average strain of 0.0334 mm/mm were obtained,
resulting in a decrease in the slope of twice the curve, indicating a decrease in Young’s modulus
from the previous curves.

Table 2. Mechanical properties obtained from tensile test.

Sample UTS (MPa) Strain (mm/mm) E (GPa) T (MJ/m3)

N 187.6337 0.0403 5.1137 3.7400
0.5 193.5973 (+3.17%) 0.0235 (−41.66%) 10.1870 (+99.20%) 2.3599 (−36.89%)
1.0 189.7865 (+1.14%) 0.0272 (−32.47%) 8.6891 (+69.91%) 2.7196 (−27.28%)
1.5 188.9748 (+0.71%) 0.0307 (−23.85%) 7.7145 (+50.85%) 3.192486 (−14.64%)
2.0 188.6894 (+0.56%) 0.0334 (−16.99%) 6.7200 (+31.41%) 3.407956 (−8.87%)

We can deduce that as the length between the stitching increases, Young’s modulus
decreases the same way as the UTS. Studies have mentioned that the more stitching separa-
tion there is, the less tensile resistance there is, yet these studies used a rigid thread [23,25],
so flexibility in the thread is another major parameter to be considered. In the case of
deformation, as the length separation of the stitching increases, the deformation increases
slightly; this behavior can be attributed to the fact that the stitching threads carry most
of the energy and reduce the stress within the matrix, and more energy is required to
propagate the crack through the matrix, increasing tensile resistance, while at the same
time the stitching reduces the propagation of delamination, which is a common mechanism
on composite that also reduces tensile resistance [29–37].

Figure 3 shows the average mechanical properties comparison of the different samples
obtained from the stress–strain diagrams. Table 3 shows the standard deviation of all
the mechanical properties, in which all values are 5% less than the average, meaning the
values tend to be close to the mean, and thus it is statistically reliable. Figure 3a shows
the comparison of the average UTS of all samples. An increase of 3.17% was obtained
in the 0.5 samples over the unstitched samples, but a decrease is shown between 1.0, 1.5,
and 2.0 samples. Even so, there is a 0.56% increase in the 2.0 sample over N sample,
which is the sample with most minor UTS of them all. This variation within the stitched
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samples is attributed to the loose region between the stitching points, which affected resin
permeability, resulting in the creation of voids and porosity [38]. Figure 3 also shows that
the standard deviation in N sample is 3.2; even though this is a very good value, it is still
higher than the stitching samples values of 1.49, 1.5, 0.81, and 1.01, respectively, which
indicates that by adding the stitching, the properties are more stable. It has been reported
that stitching reduces tensile strength because of the creation of stress concentrations at the
stitch point, misalignment, crimping, and even breakage on fibers [30,39–41]. But it has
also been reported that stitching increases tensile strength [42,43].
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Table 3. Standard deviation on mechanical properties obtained from tensile test.

Sample UTS (MPa) Strain
(mm/mm) E (GPa) T (MJ/m3)

N 3.20 (1.70%) 0.0009 (2.27%) 0.04 (0.87%) 0.17 (4.72%)
0.5 1.49 (0.77) 0.0003 (1.31%) 0.32 (3.18%) 0.07 (3.20%)
1.0 1.50 (0.79%) 0.0007 (2.80%) 0.38 (4.38%) 0.09 (3.34%)
1.5 0.81 (0.43%) 0.0004 (1.43%) 0.16 (2.18%) 0.05 (1.69%)
2.0 1.01 (0.54%) 0.0007 (2.28%) 0.30 (4.56%) 0.13 (3.86%)

Figure 3b shows the average Young’s modulus in all samples, in which 0.5 samples
have increases of 99% over the N sample, and as the length separation of the stitching
increases, Young’s modulus also decreases, making the 2.0 sample the lower value in
comparison to all the other stitched samples, but there is still an increase of 31.41% over the
N sample. It can be deduced that the smaller the length distance within the stitching, the
more rigid the composite becomes. We can attribute this to the flexibility of nylon.

In Figure 3c, a comparison of the average deformation on all samples is show; the
N samples present the maximum value, 0.5 samples decrease the deformation by 41.66%,
1.0 samples decrease by 32.47%, 1.5 samples decrease by 23.85%, and 2.0 samples reduce
their deformation by 16.99%. Therefore, the length distance of the stitching is inversely
proportional to the deformation of the samples.

Figure 3d shows the toughness results, where it is observed that the N sample has the
maximum value. The 0.5 samples have the minimum value, decreasing by 36.89% over
the N sample; by this, we can deduce that as the stitching length separation increases,
toughness increases. From what can be shown, stitched strength slightly increases tensile
strength and decreases toughness because they help stabilize the weave structure of the
fibers within the composite.

3.2. Fracture Analysis

Figure 4 shows sketches of the evolution of the fracture in the N samples during the tensile
test. The fracture mechanism is divided into five stages, starting from the zero point of the
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graph. Stage 1 corresponds to the starting point, where zero stress equals zero deformation;
separation phenomena between the stitching and the matrix occur as the tensile stress increases.
At stage 2, due to the stresses generated in the center of the sample, pre-cracking on the matrix
begins to appear, and there is little matrix detachment, making internal pull-out fibers occur.
The pre-cracking has trajectories like the direction of the fibers within the composite. In stage 3,
small fractures in the matrix within the direction of the fibers appear, and transversal cracks are
formed, which contribute to the detachment of a greater amount of matrix from the composite,
resulting in internal fiber pull-out. During stage 4, the fibers externally pull out due to bigger
fractures and cracks, and matrix detachment begins. This is a chain reaction that ends at stage 5
by separating the sample into two parts, and the crack line coincides with the direction of the
reinforcing fibers.
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Figure 5 shows the SEM images of the fracture analysis of the N sample, where stages
3, 4, and 5 were identified as shown in Figure 4. Figure 5a shows a fractured NA specimen,
where we can observe the beginning of the fibers pulling out from the matrix on the surface
of the fracture, in addition to the areas that correspond to where each of the stages of the
fracture are located. This is because the fracture of a composite material is progressive,
starting from the center of the specimen and moving to its end. Figure 5b,c correspond
to stage 3 of the fracture, where cracks are observed in the direction of the stitching and
vertical cracks that favor the detachment of the matrix. Figure 5d,e correspond to zone 4 of
the fracture, where the detachment of the matrix and pull-out of the fibers are observed,
indicating the material’s weakening. Figure 5f,g correspond to the fracture, where the fibers
are observed to be separated from the matrix, resulting in delamination [30].
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The fracture mechanisms in the stitched samples were almost identical, with no
significant difference between each other to report. By avoiding redundancy, the 0.5C
sample was chosen as a representative specimen on the stitched samples to make the
consecutive analysis. Figure 6 represents sketches of the evolution of the fracture in the
stitched samples. The fracture analysis is also divided into five stages. Stage 1 commences
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the tensile test, where zero stress equals zero strain, and separation between the stitching,
the fibers, and the matrix occurs as tensile stress increases. In stage 2, the matrix begins
to crack as the tensile stress increases. As shown in Figure 3b, the strain can decrease by
as much as 50% because the stitching helps to keep the fiberglass in place. The stitching
points behave as stress concentrators and thus prevent cracks from propagating along the
fiberglass of the reinforcements, thus delaying fiberglass pull-out. In stage 3, the cracks
significantly begin to grow transverse to the samples, and small fractures start to appear
within the matrix as well as the N sample. Internal pull-out fibers start and are shown as
whitening zones on the surface.
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In stage 4, cracking increases in the areas surrounding the stitching and in the trans-
verse direction of the sample, as well as the detachment of the matrix; this can be observed
in stage 4 of Figure 6. At this stage, the external pull-out phenomenon begins in the
stitching, which is considered to be a chain reaction. In stage 5, the fracture of the stitched
samples is represented, where it is observed that in the fracture, there is greater detachment
of the matrix due to the concentration of stresses in the stitching.

Figure 7 shows the SEM images of the fracture analysis of a stitched sample, where
stages 3, 4, and 5 are identified, which are explained in Figure 6. Figure 7a shows a
fractured stitched sample. Figure 7b,c correspond to stage 3 of the fracture, where cracks
are observed in the direction of the stitching and vertical cracks that favor the detachment
of the matrix. In addition, the effect of the stitching is observed, which is reflected in the
stress concentration in the matrix and affects its detachment. Tigh regions made by the
stitching propagate micro-crackings on the matrix [38]. Figure 7d,e correspond to zone
4 of the fracture, where the detachment of the matrix, tearing of the fibers, and exposure
of the superficial fibers are observed to a greater extent, unlike the N samples. In this
case, it is observed that despite the greater detachment of the matrix, the fibers remain
intertwined due to the stitching arresting them. Figure 7f,g correspond to the fracture where
the fibers are completely exposed and stitching is fractured as well; however, the fibers
remain intertwined. Unlike the N sample, the pull-out phenomenon is retained because the
stitching keeps the fibers in place. The stitched sample fractures include additional sewing
thread pull-out from composite and/or sewing thread breakage during loading, which is
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caused by the interaction of the third directional fibers with the delamination. Therefore,
the crack dissipates more energy during the propagation process [44].
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As seen in Figures 5 and 7, the stitching helps hold the glass fibers in place, which
helps increase Young’s modulus (Figure 3b) as the stitching length separation is shorter.
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However, strain and toughness (Figure 3b,d) decrease because the stitching does not allow
the glass fibers to move even if the matrix fractures. The UTS is not modified, considering
that fiberglass has the greatest properties involved in the composite material. It can be
deduced that it is for this reason.

4. Discussion

Tensile test and fracture analysis on fiberglass/polyester composites stitched with 0.3 mm
nylon thread have been studied. One sample unstitched and four different samples were used,
with longitudinal distances between the stitches of 0.5, 1.0, 1.5, and 2.0 cm, for which the tensile
test results showed that the stitched samples have, over the unstitch material, slight increases
of 3.17%, 1.14%, 0.71%, and 0.56% on UTS. This increase is attributed to the stitching threads
that help to carry more energy, but the decrease in tensile strength as the longitudinal distance
between stitches is longer is attributed to the fact that it has less thread to absorb energy, and
that loosens regions between the stitch’s points, which affects resin permeability. The strain of
the stitched samples has reductions of 41.66%, 32.47%, 23.85%, and 16.99% over the unstitched
samples because of the stitching points, which also contributes to the increases in Young’s
Modulus of 99.20%, 69.91%, 50.85%, and 31.41% over the unstitched samples, but decreases in
toughness of 36.89%, 27.28%, 14.64%, and 8.87%.

Fracture analysis shows that although the stitching generates a stress concentration
in the matrix and promotes its detachment as the tension increases, it also keeps the glass
fibers in place. In Table 4, fracture stages are summarized as follows: In stage 1, tensile
starts and no visual indication is shown. In stage 2, both samples start to show minor
matrix cracks. Stitched samples cracks are retained and concentrated within the stitched
points. Unstitched samples have more strain than stitched samples, and cracks disperse all
over the surface. In stage 3, cracks increase, and small zones start to fracture in the matrix.
Internal pull-out is shown on both samples, but in stitched samples it is presented near
the stitching zone, while in the unstitched sample it is presented all over the surface. In
stage 4, external pull-out fibers are shown because of major cracks and fractures within the
matrix and the stitching, and again in the stitched samples, the cracks, fracture, and fibers
are retained by the now remaining stitching points, while in the unstitches samples the
damage is spread all over the specimens and fibers are pulling out from the composite.

Table 4. Comparison of fracture stages between unstitched and stitched samples.

Stage Unstitched Sample Stitched Sample

1 Tensile test starts. Tensile test starts.

2
Separation between the stitching, fibers, and the matrix
starts to occur as tensile stress increases. Minor matrix
cracks start to appear.

Separation between the stitching, fibers, and the matrix
starts to occur as tensile stress increases. Minor matrix
cracks start to appear, retained by stitched points.

3 Cracks increase significantly and small fractures start to
appear in the matrix; internal pull-out fibers start.

Matrix cracks increase significantly, and small fractures start
to appear near the stitching points; internal pull-out fibers
start.

4 Major matrix cracks and fractures are growing; external
pull-out fibers have appeared.

Major matrix cracks and fractures are showed near the
stitching points; external pull-out fibers have appeared,
retained by stitching points. Some stitches are being
fractured as well.

5 Fracture of the composite. Fracture of the composite.

With these results, it has been shown that the shorter the stitching length distance is,
the more displacement is obtained on the tensile test, which is directly proportional to the
material toughness, but tensile resistance is compromised. A harder resin is recommended
for stitching composites.

Stitched composite materials are complex materials to analyze since there are so many
variables that can drastically change the properties of the materials. While the stitched materials
results show an increase in tensile properties over the unstitched ones, new stress concentrators
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as stitching points weaken the matrix, which is a concern for how the material will hold up on
multiple forces applications, such as unmanned aerial vehicles. A possible solution could be
to use a harder resin, such as epoxy. More studies on different mechanical tests with the same
patterns as presented must be conducted on whether to use the material or not.

5. Conclusions

In this investigation, the tensile fracture behavior in four lengths of nylon stitched
patterns (0.5, 1.0, 1.5, and 2.0 mm) on a glass fiber/polyester resin composite in comparison
to the normal unstitched composite has been analyzed. The stitched process was used
to prevent delamination, but the effect of the stitched composite itself on the mechanical
properties was unknown. Nylon yarn was chosen due to the flexibility in the fiber, but the
damage of the stitched composite within the matrix was a concern.

The elasticity of the nylon stitches contributes to almost double Young’s modulus
in comparison to the unstitched sample by keeping the glass fibers in place within the
composite, but deformation, toughness, and matrix integrity were compromised. All of
these were proportional to the length distance between the stitching points. Also, a slight
increase in tensile test was achieved.

Because of that, fracture analysis shows that stitching helps to retain the energy and
the distribution of cracks within the stitching points, as opposed to the unstitched material,
in which cracks were distributed all over the material length. This impacts the matrix as it
shows major damage near the stitching zone in comparison with the unstitched material.

This material is meant to be used for an unmanned aerial vehicle, so more mechan-
ical testing needs to be conducted, and a change to a harder resin is recommended for
stitched composites.
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