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Abstract

Adhesion between fused deposition modelling (FDM) printed polymers and textile sub-
strates is critical for durable printed-on-textile hybrids. Since no dedicated test standard
exists for additively manufactured textile interfaces, many studies use T-peel methods
adapted from adhesive-bond standards. However, printed-on-textile joints are often gov-
erned by polymer penetration into the fabric and mechanical interlocking, rather than
by a discrete adhesive layer. This work evaluates a fixture-based perpendicular (normal-
separation) tensile method, using a circular dolly printed directly onto a cotton plain-weave
substrate and a fully 3D-printable, threaded, self-aligning clamping assembly. Three repre-
sentative filaments, namely polyethylene terephthalate glycol-modified (PETG), polylactic
acid (PLA), and thermoplastic polyurethane (TPU), were tested using both the proposed
pull-off method and an ISO 11339-type T-peel benchmark, with n = 8 specimens per poly-
mer. The perpendicular method produced complete datasets for all polymers and clearly
differentiated adhesion performance (TPU > PLA > PETG). In contrast, for T-peel, the
standard evaluation window (25–125 mm) was completed for all PETG specimens but
only for a subset of PLA specimens and a single TPU specimen. In the remaining tests,
premature substrate failure prevented completion of this window, so the results could not
be evaluated. Microscopy confirmed distinct interlocking morphologies across polymers,
supporting the observed differences in failure behavior between peel and normal separa-
tion. Overall, the results indicate that perpendicular dolly pull-off testing is a practical and
reproducible alternative for quantifying adhesion across a wider range of printed-on-textile
bonding conditions.

Keywords: fused deposition modelling (FDM); polymer–textile adhesion; printed-on-
textile composites; T-peel test; pull-off test; perpendicular tensile testing; mechanical
interlocking; textile substrate

1. Introduction
Fused deposition modelling (FDM) printed directly onto textile substrates enables

hybrid structures that combine the comfort and conformability of fabrics with the geometric
freedom and functional integration of additive manufacturing (AM). Beyond decorative
customization, published studies show that direct FDM printing on textiles can be used to
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create polymer–textile composites and that their performance depends strongly on printing
parameters, substrate type, and adhesion behavior [1,2]. In protective applications, such
structures have been studied for adhesion, quasi-static stab resistance, and air perme-
ability, including stab-proof vest concepts and sandwich structures with textiles placed
between FDM-printed layers [3–5]. These studies aimed to balance protection performance
with wearer comfort and air permeability. Direct FDM printing on textiles also supports
functional applications. Conductive polymers printed on textile substrates have been
investigated in terms of adhesion, sensing, and electrical connection [6,7]. More broadly,
3D-printed stretchable smart fibers and textiles have been developed for self-powered
e-skin applications [8].

Across these application areas, the integrity of the polymer–textile bond remains a
key limitation. If adhesion is too low, the printed elements can detach during bending,
abrasion, laundering, or cyclic deformation. If the mechanical interlocking is strong but
only local, the textile itself can become the weakest part. For this reason, the quantification
of polymer–textile “adhesion” has become a common methodological requirement in FDM-
on-textile research. It is important because it supports the comparison of materials, printing
parameters, and textile structures [9].

In related upholstery-material testing, mechanical performance is commonly evaluated
with established test procedures [10]. This is different from AM polymer–textile adhesion,
where standardization is still limited. Because no dedicated standard exists for AM–textile
interfaces, most studies focused on adhesion have used peel-based tests, often reported
as a “T-peel” approach. In most cases, this was done by adapting two existing standards:
DIN 53530 [11], often used as a practical basis for separating a printed strip from a fabric,
and ISO 11339 [12], a T-peel standard for bonded flexible adherends, which is the main
reference considered in the present study.

This use of the T-peel test in FDM-on-textile testing becomes easier to understand
when the original purpose of the standard is stated clearly. As shown in Figure 1a, ISO
11339 defines the T-peel test for determining the peel strength of an adhesive by measuring
the peeling force in a bonded assembly made of two flexible adherends. The standard
also states that this method was developed to characterize adhesive bonds, not to provide
design information [12].

Figure 1. Schematic comparison of the ISO 11339 T-peel concept and its adaptation to 3D printing on
textiles: (a) flexible adherends bonded by an adhesive layer (ISO 11339 joint); (b) printed-on-textile
T-peel, where the deposited polymer functions as both the adherend and the bonding medium.

The test is based on the idea that a bond line, meaning an adhesive layer, exists
between two adherends and fails before the adherends in a controlled way. In direct FDM
printing onto textiles, the situation is different. The joint contains only two components,
the polymer and the textile, and the printed polymer acts both as the adherend and as
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the bonding medium, as shown in Figure 1b. This difference is important because the
measured response does not always represent only interface separation. Depending on the
textile construction and the behavior of the polymer, it can also reflect damage to one of the
two components.

The limitations become clearer when the failure modes reported in the literature on
3D printing onto textiles are examined in detail. During peel testing, different types of
failure can occur. These include failure inside the printed polymer layer (cohesive failure),
interfacial delamination, and rupture of the textile substrate itself [9]. There are also clear
examples in which the fabric breaks during the adhesion test before the printed element
detaches, indicating that the test result is governed by textile failure, not by interface
failure [13].

T-peel results can be difficult to compare from one study to another, because these
failure modes depend on how the polymer penetrates the textile structure, and on how
stresses are redistributed between yarns during peeling. For this reason, the failure mode
should be reported and interpreted clearly. In such cases, the result should be understood
as a combined measure of interface response and adherend integrity.

The peel geometry itself can also introduce uncertainty. Textiles rarely behave like
ideal flexible adherends with a stable peel angle. During testing, deformation of the textile
substrate can influence both the measured force and the failure path. This effect has already
been reported in earlier studies on textile-based hybrids, where deformation of the textile
structure during peeling was shown to affect the peel response [14].

Another practical issue is the way peel data are processed and reported. Many studies
based on DIN 53530 show strongly undulating force–displacement curves [11]. These
curves are often evaluated with multi-peak methods described in ISO 6133 [15], which
is often cited as the “method for more than 20 peaks” [16]. Similar approaches based on
peak selection and averaging have also been reported for ISO 11339-type T-peel tests used
on AM–textile composites [2]. In practice, this can create a methodological ambiguity.
When specimens show early textile damage or polymer fracture, some studies may still
report an “average peel force” if enough peaks were recorded before failure. In this way, a
complex mixed-mode response is reduced to a single scalar value. This can be useful for
comparisons within the same study, but it should be interpreted with caution when the
dominant failure mechanism is not interfacial separation.

In response to these limitations, several studies have explored perpendicular (pull-
off-type) tensile testing. In this approach, the polymer–textile joint is loaded normal to the
fabric surface. This loading direction matches the way the polymer penetrates the textile
and forms mechanical interlocks through the thickness. Compared with peel testing, this
method reduces the influence of a moving peel front and of large substrate deformations,
which can strongly affect the results in compliant textiles. An important contribution
was made by Malengier et al., who presented three testing methods for 3D printing on
textiles—perpendicular tensile, shear, and peel testing—with the aim of improving the
suitability and comparability of adhesion measurements [17].

Although perpendicular or pull-off-type tests are less common than T-peel, they have
been used in different studies. Gorlachova and Mahltig used a separation-based method to
detach printed features from cotton and to study adhesion trends for different materials
and processing conditions [18]. Silvestre et al. proposed a custom tensile adhesion test
for polymer-on-textile specimens, showing the need for stable methods when textiles are
compliant and failure is mixed [6]. In a broader AM hybridization context, Maier et al.
used tensile adhesion testing to evaluate bonding quality in additively manufactured
structures on textile-reinforced thermoplastic composites. This showed that perpendicular
tests can provide a direct mechanical metric when peel results are difficult to interpret [19].
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More recently, Robinson et al. used perpendicular adhesion testing as part of a multi-test
evaluation of additive manufacturing on textiles, together with peel and shear tests, again
showing that the approach is viable and informative [20].

Perpendicular testing offers clear advantages, but it has not become the main method
in AM–textile adhesion research. The reasons seem to be mainly practical rather than
theoretical. Earlier versions often used custom fixtures, often with metal parts, together
with less accessible specimen geometries and stricter alignment requirements. These
conditions can be handled in specialized laboratories, but they can limit wider use in the
AM community [9,17].

This work aims to reduce this adoption gap by proposing a fully accessible perpendic-
ular tensile adhesion test. The method is based on an easy-to-make, self-aligning clamping
assembly and a circular specimen concept. By design, the method aims to (i) reduce the
influence of warp/weft selection as a first-order limitation, (ii) support both rigid and
flexible printed polymers, without the instability often seen in peel testing on compliant
substrates, and (iii) make perpendicular adhesion testing more practical for typical FDM
users and laboratories, enabling more consistent reporting and comparison across future
AM–textile studies.

2. Materials and Methods
This study evaluates adhesion between FDM-printed polymers and a woven textile

substrate by using two complementary test methods. The first method is a T-peel configu-
ration, used as a benchmark from the literature. The second method is a normal-separation
(perpendicular) tensile pull-off test. This test is based on a circular printed dolly and a
self-aligning, threaded clamping fixture developed in this work. Three polymer families
were selected in order to cover a broad range of interface behavior. These included rela-
tively rigid filaments (PLA and PETG) and one flexible filament (TPU). For each polymer,
the specimens were printed on the same textile substrate under controlled and repeatable
conditions. Adhesion was then quantified with both test methods, together with systematic
documentation of the observed failure mode.

2.1. Materials

Three commercially available FDM filaments (nominal diameter 1.75 mm) were used
to cover a practical range of stiffness and interfacial behavior: PLA [M15.1] (eSUN ePLA,
Fire Engine Red; Shenzhen Esun Industrial Co., Ltd., Shenzhen, China), PETG (eSUN
PETG, Solid White; Shenzhen Esun Industrial Co., Ltd., Shenzhen, China), and TPU (eSUN
eTPU-95A, Transparent Red; Shore A 95; Shenzhen Esun Industrial Co., Ltd., Shenzhen,
China). All filaments were used as received from the manufacturer.

The textile substrate was a plain-woven cotton fabric. It was selected as a representa-
tive apparel-type textile and as a common baseline material in FDM-on-textile adhesion
studies [1,17]. Plain weave was also selected because it offers dimensional stability and
a more repeatable peel and tensile response than highly extensible textile structures. At
the same time, it still provides a porous structure that allows polymer penetration and
mechanical interlocking. The fabric had an areal density of about 140 g/m2 and a thickness
of about 0.20 mm, measured according to ISO 5084 [21]. Its thread density was 24 ends/cm
in warp and 22 picks/cm in weft. Before printing and testing, the fabric was conditioned for
24 h in the standard atmosphere of 20 ± 2 ◦C and 65 ± 4% relative humidity, in accordance
with ISO 139 [22].
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2.2. Equipment and Printing Setup

All specimens were manufactured by material extrusion on a Prusa i3 MK2 FDM
printer (Prusa Research a.s., Prague, Czech Republic) equipped with a 0.4 mm nozzle.
Slicing and toolpath generation were performed in OrcaSlicer, version 2.3.1. Printing was
carried out directly on the conditioned textile substrate.

To obtain stable printing of tall features on a compliant textile substrate, the fabric was
fixed on the build plate with double-sided adhesive tape. High-tack adhesives were not
used because they can make removal of freshly printed specimens more difficult and can
damage the textile or cause premature debonding during removal. Instead, a lower-tack
fixation arrangement was applied. The specimens were removed only after cooling in order
to reduce unintended interfacial damage before testing.

Printing parameters were selected to control the polymer–textile interface and were
kept consistent across all specimens. For each filament, the main process settings were
fixed within the ranges commonly reported for FDM printing onto textiles. The nozzle/bed
temperatures were 215/60 ◦C for PLA, 225/70 ◦C for PETG, and 230/30 ◦C for TPU. The
first-layer speed was set to 15 mm/s for PLA and PETG, and to 10 mm/s for TPU. The first-
layer parameters governing polymer interpenetration were kept constant for all materials
and specimen types: 0.20 mm layer height, 100% infill, and a fixed raster orientation for
solid regions. The nozzle-to-plate distance was set to 0.30 mm, measured relative to the
bare metallic build plate. This value corresponded to the combined thickness of the double-
sided adhesive fixation layer (~0.10 mm) and the cotton fabric (~0.20 mm). Therefore,
during first-layer deposition, the nominal nozzle-to-textile clearance was approximately
0 mm. The 0.20 mm first layer was consequently deposited under slight compression into
the textile surface rather than as a free-standing layer above it. This setting was selected
to promote polymer squeeze-in and penetration into the fabric porosity, while avoiding
excessive nozzle drag, textile displacement, or first-layer clogging during the longer T-peel
prints. Parameters above the first layer were allowed to follow the standard settings of
each specimen type (e.g., to reduce printing time), but they remained consistent within
each specimen geometry.

Testing was performed using a SATRA STM 466 universal testing machine (SATRA
Technology Centre, Kettering, United Kingdom) equipped with a 2 kN load cell. Data
acquisition and test control were conducted using SATRA Material Testing Centre software,
version 3.4b (SATRA Technology Centre, Kettering, United Kingdom).

Microscopy imaging was performed using an Optech microscope (Optech Optical
Technology, Munich, Germany). Images were acquired and processed using Vision Image
Analysis software, version 1.0 (Optech Optical Technology, Munich, Germany).

2.3. Geometry and Method Development for Perpendicular Tensile Testing
2.3.1. Reference Dolly Geometry from Prior Work

The initial pull-off specimen geometry was based on the dolly concept reported in
prior adhesion-testing work for 3D printing on textiles, using a circular contact area with
the diameter D = 24 mm. This starting geometry was selected to maintain comparability
with the literature and to follow an established precedent for perpendicular tensile adhesion
measurements in printed-on-textile systems [17].

2.3.2. Dolly Geometry Scaling and Final Selection

Preliminary trials confirmed that the D = 24 mm dolly enabled stable testing for
PLA and PETG on the selected woven substrate. For TPU, however, the same geometry
frequently produced substrate-limited behavior, i.e., failure by fabric rupture rather than in-
terfacial separation, which reduces the ability of the test to distinguish adhesion differences
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at the polymer–textile interface. To keep the method informative across a wide adhesion
range—spanning weak to very strong bonding—and to avoid systematic textile failure
for high-adhesion polymers, the bonded contact area was reduced by scaling the dolly
diameter to D = 15 mm as shown in Figure 2.

Figure 2. Pull-off dollies: literature-based geometry (D = 24 mm, after Malengier et al.) and the scaled
geometry used in this study (D = 15 mm) following preliminary trials.

The final diameter was selected to provide reliable fabrication of a tall dolly on
a compliant textile substrate, while maintaining sufficient base stability to avoid print
instability or build failure. A detailed description of the final specimen geometry and the
corresponding self-aligning fixture is provided in Section 2.3.3.

2.3.3. Dolly and Fixture Design

A normal-separation (pull-off) adhesion test was performed using a circular dolly
printed directly onto the textile and a 3D-printable, threaded, self-aligning clamping fixture
designed to immobilize the fabric and enforce repeatable alignment during testing. The
fixture shown in Figure 3 consists of three parts: (i) a threaded support body (Part e), (ii) a
fixing/indexing plate (Part c), and (iii) a threaded cap (Part b).

Figure 3. Front and side section of the perpendicular tensile testing fixture. Labelled components:
(a) printed dolly; (b) threaded cap; (c) fixing/indexing plate; (d) textile substrate; (e) threaded
support body.

The support body presented in Figure 3e acts as the main structural element of the
fixture, providing both a lower gripping region for the universal testing machine (UTM)
jaws and a geometric reference for axial alignment. It includes an external grip region for
manual handling and an internal thread to accept the cap. The upper surface includes a
clean, planar seating area around the dolly region to promote predominantly axial loading.
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Two guidance/anti-slip systems are integrated on the upper face: (i) two radial rows of
recesses that mate with pyramid-like protrusions on the fixing plate, creating mechanical
interlocking that stabilizes the plate under compressive clamping, and (ii) two large radial
keyways that mate with corresponding protrusions on the fixing plate to prevent rotation
of both the plate and the textile during tightening.

The fixing plate presented in Figure 3c maintains the textile in a fixed and repeatable
position and defines the clearance geometry around the dolly. It incorporates (i) two radial
protrusions that engage the support-body keyways to prevent rotation during tightening
and loading, and (ii) a set of radially distributed pyramid-like protrusions that engage
the two rows of recesses in the support body, increasing friction and resisting slip under
clamp pressure. The central opening for the dolly was designed with a radial clearance
of ~0.5 mm relative to the dolly diameter to avoid contact during the test. To minimize
parasitic contact and to enable complete vertical separation, this opening is slightly conical
(a truncated cone with the smaller diameter oriented downward), rather than a straight
cylindrical hole.

To ensure repeatable angular positioning and collinearity between the upper and
lower grips, the printed dolly includes a small orientation key/feature, and the fixing
plate includes a complementary indexing recess. This indexing prevents rotation of the
dolly–textile assembly and ensures that the dolly is consistently presented to the upper
jaws in the same orientation.

The cap shown in Figure 3b closes the assembly and applies clamping pressure through
the internal thread of the support body. It includes an external grip region for repeatable
manual tightening and a central clearance opening around the dolly to avoid contact and
eliminate frictional or lateral constraint during pull-off.

The three-part threaded fixture was fabricated by FDM with a 0.20 mm layer height,
4 perimeters (walls), and 98% gyroid infill to ensure sufficient stiffness and dimensional
stability during clamping and loading. The geometry was designed to be self-supporting,
requiring no support structures, which simplifies fabrication and improves repeatability
across printers. The system can be produced in PLA for routine use and method validation;
however, for repeated tightening, higher clamp loads, or long-term durability, fabrication
in a tougher polymer such as PETG or ABS is recommended. The printable files for the
dolly and fixture device can be downloaded at: https://www.mdpi.com/article/10.3390/
textiles6020054/s1.

2.3.4. Perpendicular Tensile Testing Using Proposed Method

For each polymer (PLA, PETG, and TPU), n = 8 pull-off specimens were manufactured
and tested using the final dolly geometry (D = 15 mm) and the fixture and test protocol.
Key procedural steps are documented in Figure 4 (specimen fabrication workflow: dolly
printing on textile, specimen cutting, and the full specimen set).

The textile specimen with the printed dolly was placed onto the support body. The
fixing/indexing plate was positioned such that the anti-rotation protrusions engaged the
support-body keyways and the interlocking features mated. The cap was then tightened
until the textile was firmly clamped. The assembled fixture was mounted in the lower jaws
of a universal testing machine, while the dolly was gripped in the upper jaws. Figure 5
presents the fixture assembly and mounting in the UTM.

A displacement-controlled tensile test was run at a crosshead speed of 50 mm/min
(constant for all specimens), and the force–displacement curve was recorded continuously
until complete separation. The primary response was the maximum force, Fmax (N), for
each specimen. Figure 6 shows the specimens after testing, illustrating typical post-test
appearance.
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Figure 4. Perpendicular-dolly specimen fabrication workflow: (a) dolly printed directly onto the
textile substrate; (b) marking the cutting outline using a template; (c) cutting the circular specimen;
(d) complete specimen set (n = 8 per polymer).

Figure 5. Assembly of the perpendicular-dolly fixture and mounting in the testing machine:
(a) threaded support body; (b) dolly with textile placed on the support; (c) fixing/indexing plate;
(d) plate positioned to clamp the textile; (e) threaded cap; (f) cap tightened to complete the assembly;
(g) assembled fixture mounted in the universal testing machine.

Figure 6. Post-test appearance of perpendicular-dolly specimens: (a) PLA specimen immediately
after testing; (b) complete set of tested specimens, with each dolly placed on its corresponding textile
substrate.
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2.4. T-Peel Test (Benchmark)

A T-peel adhesion test was used as a benchmark method and performed in accordance
with ISO 11339 [12], adapted to FDM-printed polymer strips on a woven textile substrate.
For each polymer, n = 8 T-peel specimens were manufactured and tested under identical
conditions.

Each T-peel specimen had an overall length of 200 mm, a constant width of 25 mm, and
a printed-strip thickness of 0.6 mm (3 layers at 0.20 mm). A 30 mm section at one end of the
intended bonded region was covered with masking tape during printing to intentionally
prevent bonding between the polymer and the textile, thereby creating a reproducible free
“arm” for gripping in the test machine. The fabric was oriented with the warp direction
along the specimen length, and the print direction was aligned with the warp to keep textile
anisotropy controlled across specimens. As shown in Figure 7, masking-tape was used
for polymer–substrate separation during printing. Figure 8 illustrates the complete T-peel
specimen set.

Figure 7. T-peel specimen during printing (PLA).

Figure 8. Complete T-peel specimen sets (n = 8 per polymer): (a) PLA, (b) PETG, (c) TPU.

The two free arms (polymer and textile) were clamped in opposing grips of the
universal testing machine to form an approximately 180◦ T-peel configuration. Alignment
of the peel arms with the loading axis (collinearity) was ensured manually during clamping,
as is typical for this setup when a dedicated self-aligning peel fixture is not used. A
displacement-controlled test was run at a constant crosshead speed of 100 mm/min, while
force–displacement data were recorded continuously until separation or premature failure.
A representative specimen mounted in the grips is shown in Figure 9.

Peel resistance was calculated as the mean peeling force divided by the speci-
men width, and is therefore reported in N/mm, over the standard evaluation window
(25–125 mm) according to ISO 11339, excluding the initial transient region [12]. The failure
mode was documented for each specimen (interfacial separation, polymer fracture, or
textile damage). Examples of non-interfacial failure cases are illustrated in Figure 10.
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Figure 9. T-peel specimen mounted in the universal testing machine.

Figure 10. Examples of premature T-peel failures during testing: (a,b) PLA specimens; (c,d) TPU
specimens.

2.5. Microscopy

Microscopy was used to document interface morphology and post-test surface features
relevant to adhesion and failure mode interpretation. Representative specimens were
prepared and examined in three complementary views: (i) cross-sections through the
polymer–textile interface, obtained by sectioning through the bonded region to expose
the through-thickness penetration and yarn encapsulation; (ii) cross-sections through the
polymer after textile removal, examined after both T-peel and perpendicular (dolly) tests
to visualize the remaining interlocking protrusions/features formed within the fabric
structure; and (iii) the fabric surface opposite the printed side (backside) after testing,
examined after both test methods to document polymer residue trapped in weave openings
and any deformation of the textile structure.

The microscopy observations focused on qualitative comparison of polymer pene-
tration depth/extent, geometry and apparent density of interlocking features, and the
presence/distribution of polymer remnants on the textile backside, enabling correlation
between interface morphology and the observed test outcomes under peel versus normal
separation loading.

3. Results and Discussion
3.1. Dataset and Reported Outputs

A total of 48 specimens were produced and tested (3 polymers × 2 test methods ×
8 replicates). Results are reported separately for the T-peel benchmark and the proposed
perpendicular tensile (dolly) method, using a clear distinction between valid tests (suitable
for quantitative comparison) and premature failures (reported as failure rate and illustrated
qualitatively).
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For the T-peel benchmark, peel performance is reported as peel resistance in N/mm,
calculated by dividing the mean peeling force recorded over the defined evaluation window
(25–125 mm) by the specimen width, consistent with ISO 11339 practice [12]. Because mul-
tiple specimens—especially for TPU—failed prematurely (e.g., textile rupture or specimen
damage before a stable peeling segment could be obtained), the dataset is split into valid
tests used for peel-resistance statistics and premature failures excluded from peel-resistance
statistics but retained for failure-rate reporting and qualitative interpretation. In the final
dataset, the number of tests meeting the analysis criteria was n = 8 for PETG, n = 5 for PLA,
and n = 1 for TPU; all remaining T-peel runs are reported as premature failures.

For the perpendicular tensile (dolly) method, all specimens produced a complete
normal-to-surface separation without test failures; therefore, all replicates were treated as
valid (n = 8 per polymer). The primary reported outcome is the maximum load, Fmax (N).
In addition, an area-normalized metric is reported as a nominal normal tensile strength,
calculated as:

σmax =
Fmax

A0
,A0 = π

(
D
2

)2

where A0 is the bonded circular area and D is the dolly diameter used in the final geometry.
This normalization supports comparison across geometries and across studies that report
strengths as stress rather than force. Summary statistics are reported as mean ± SD,
alongside min–max for each polymer.

To document both repeatability and failure behavior, representative mechanical re-
sponse curves are presented as follows. For T-peel, two representative valid curves and
two representative failed curves are shown for PLA; two representative valid curves are
shown for PETG; for TPU, a compact panel is used that groups four failed curves together
and contrasts them with the single valid curve. For the perpendicular tensile method, two
representative curves per polymer are shown to illustrate the typical response and scatter,
since no failures occurred in this configuration. Interface morphology is examined using
close-up/microscopy images to support failure-mode interpretation; these observations are
discussed in Section 3.4 and are used to link the measured responses to polymer penetration
and mechanical interlocking at the textile interface.

3.2. Perpendicular Tensile Test (Proposed Method): Quantitative Outcomes and Repeatability

The proposed perpendicular tensile method generated a complete, valid dataset for
all three polymers (n = 8 per polymer), with no test interruptions due to specimen slippage,
grip-related damage, or fixture-related instability. The primary reported outcome was
the maximum load at separation (Fmax), extracted from each load–displacement curve. In
addition, a nominal normal separation stress (σmax) was calculated by dividing Fmax by
the bonded circular area (A = π(D/2)2 = 176.7 mm2 for D = 15 mm). This stress should
be interpreted as an apparent (nominal) metric intended for within-study comparison,
since non-uniform load transfer and stress concentrations are expected at a rigid–flexible
interface.

As summarized in Table 1, the method clearly discriminated the three polymer systems
under normal-to-surface loading. σmax was calculated as Fmax/A, where A = 176.7 mm2

(circular bonded area for D = 15 mm) and N/mm2 is equivalent to MPa.
PETG exhibited the lowest separation loads (Fmax = 291.9 ± 15.2 N; σmax = 1.652 ± 0.086

MPa), PLA showed intermediate values (Fmax = 606.5 ± 44.4 N; σmax = 3.432 ± 0.251 MPa),
and TPU presented the highest resistance to separation (Fmax = 830.8 ± 46.9 N; σmax = 4.701 ±
0.265 MPa). Relative variability was moderate and acceptable for this type of textile–polymer
interface test, with coefficients of variation (based on Fmax) of 5.21% for PETG, 7.32% for PLA,
and 5.64% for TPU.
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Table 1. Summary statistics for the perpendicular tensile (dolly) test (D = 15 mm).

Polymer n Fmax (N)
Mean ± SD

Fmax (N)
Min–Max

σmax (MPa)
Mean ± SD

σmax (MPa)
Min–Max

CV (%)
(Fmax)

PETG 8 291.9 ± 15.2 279–317.9 1.652 ± 0.086 1.579–1.799 5.21

PLA 8 606.5 ± 44.4 536–652.9 3.432 ± 0.251 3.033–3.695 7.32

TPU 8 830.8 ± 46.9 726–886.8 4.701 ± 0.265 4.108–5.018 5.64
CV = coefficient of variation.

Representative nominal stress–displacement curves (two per polymer) are shown in
Figure 11a–f. All curves exhibit a short initial seating region followed by a monotonic load
increase toward a clearly defined maximum and a rapid drop associated with separation.
Unlike peel testing, this method does not depend on identifying a long constant-force
evaluation window, because the reported outcome is anchored to a robust peak event. A
further practical advantage is geometric: because the bonded region is circular, the response
is not inherently direction-sensitive with respect to warp/weft orientation, reducing a
common source of variability when testing woven substrates.

Figure 11. Representative nominal stress–displacement curves from the perpendicular-dolly tensile
test: (a,b) TPU specimens; (c,d) PLA specimens; (e,f) PETG specimens. Nominal stress was calculated
by dividing the recorded load by the circular dolly area, A = 176.7 mm2.
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3.3. Benchmark T-Peel Results and Failure Modes (ISO 11339)

T-peel testing was used as a benchmark method because it is the most frequently
reported approach for assessing polymer–textile bonding in FDM-on-textile studies. Peel
resistance was calculated in N/mm by dividing the mean peeling force recorded over
the fixed 100 mm evaluation window (25–125 mm) by the specimen width, excluding the
initial transient, following ISO 11339 practice [12]. In practice, many specimens—especially
at higher adhesion—did not yield usable data across the full evaluation window. The
textile often failed before the window was completed, or the T-peel curve showed strong
monotonic drift instead of a near-stationary response.

Across the three materials, the ability to obtain “standard-compliant” curves differed
markedly. PLA showed partial validity (5/8): several specimens provided a measurable
evaluation segment, while others failed early through fabric rupture or mixed failure,
preventing extraction of a compliant 100 mm window. Valid sample graphs for PLA are
presented in Figure 12, and failed examples in Figure 13.

Figure 12. Representative T-peel curves for two valid PLA tests: (a) sample 1; (b) sample 2.

Figure 13. Representative T-peel curves for two failed PLA tests: (a) sample 3; (b) sample 5.

PETG produced valid curves for all specimens (8/8), typically characterized by an
early higher-force phase followed by a gradual decrease toward a lower level, but the same
fixed evaluation window (25–125 mm) was applied to ensure consistent processing across
materials. Valid sample graphs for PETG are presented in Figure 14.

Figure 14. Representative T-peel curves for two valid PETG tests: (a) sample 1; (b) sample 2.
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TPU exhibited the strongest substrate-limited behavior: most TPU specimens could
not complete the required 25–125 mm evaluation window (7/8). Only one specimen met
the minimum data-length requirement. The valid test graph is shown in Figure 15. Failed
sample graphs are presented in Figure 16.

Figure 15. T-peel curve for the single valid TPU test: sample 7.

Figure 16. Representative failed TPU T-peel curves: (a) sample 1; (b) sample 2; (c) sample 3;
(d) sample 4.

Table 2 reports T-peel resistance normalized by the 25 mm specimen width, calculated
as the mean peeling force over the ISO 11339 evaluation window (25–125 mm) for specimens
that provided the required window [12]. Specimens that ruptured or otherwise did not
complete the evaluation segment were excluded from peel-resistance statistics and are
reported as invalid counts rather than being averaged. To retain information from all tests,
peak-force (Fmax) statistics include all specimens within each polymer group.

For TPU, only one specimen completed the required ISO 11339 evaluation window.
Therefore, the TPU T-peel resistance value is reported only as a single valid observation
and should not be interpreted as a statistically representative mean or as a population
estimate. No standard deviation or confidence interval can be associated with this value.
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Table 2. Summary of T-peel test results (ISO 11339).

Polymer n
(Tested)

n
(Valid)

Peel Resistance (N/mm)
Mean ± SD CV (%) Peak Force, Fmax (N)

Mean ± SD CV (%)

TPU 8 1 14.43 * - 277.3 ± 95.9 34.58

PLA 8 5 8.42 ± 0.64 7.66 279.1 ± 20.6 7.37

PETG 8 8 2.92 ± 0.12 4.17 101.7 ± 11.4 11.24
* Single valid observation, not a statistically representative population estimate.

Overall, the T-peel benchmark clearly differentiated PETG (lower, stable peel) from
PLA (higher peel with mixed validity), while TPU could not be robustly quantified by
T-peel on this woven fabric because the test became dominated by substrate failure rather
than interfacial separation—exactly the regime where an alternative normal-to-surface
method is needed.

3.4. Interface Morphology and Interlocking Features (Microscopy)

Direct FDM deposition onto textiles rarely creates a simple, planar bond line. Instead,
the interface develops as a three-dimensional engagement zone in which molten polymer
penetrates the fabric porosity and partially surrounds yarns before solidifying. This penetra-
tion generates mechanical interlocking features for the more pronounced cases, which can
strongly influence both the measured response and the dominant failure mode, particularly
under peel loading where bending and off-axis extraction are inherent to the test. The
microscopy sets presented below are therefore used to connect the observed macroscopic
behavior (valid tests versus premature failures) to the underlying interface morphology for
each polymer. Accordingly, these images are used for qualitative morphological interpreta-
tion of polymer penetration, yarn wrapping and interfacial failure features.

Figure 17 illustrates a cross-section through the polymer–textile interface and shows
clear differences in penetration and encapsulation. For TPU (a), the polymer visibly en-
velops the textile structure, forming a continuous film that extends through the fabric
thickness and can be observed even on the opposite side, indicating extensive impregnation
and strong mechanical interlocking. For PLA (b), a similar—but less pronounced—behavior
is observed: the polymer infiltrates the inter-yarn gaps and forms distinct protruding inter-
lock features within the weave openings. For PETG (c), penetration appears more limited;
the polymer does not immerse the textile to the same extent, and the resulting interlock
features are smaller and less pronounced. Collectively, these sections support a simple mor-
phological ranking that mirrors the adhesion trends: extensive encapsulation/interlocking
for TPU, intermediate interlocking for PLA, and more limited interlocking for PETG.

These microscopy observations help explain why TPU produced the highest resis-
tance, despite being a soft elastomer. The stronger TPU response should be interpreted
as a process-interface effect rather than as a consequence of higher intrinsic stiffness or
strength. Previous FDM-on-textile studies have shown that adhesion is strongly influenced
by printing parameters, especially the nozzle-to-textile or nozzle-to-bed distance, because
reduced distance can press molten polymer between yarns and fibers and promote mechan-
ical interlocking [1,16]. In the present study, TPU was more compliant than PLA and PETG
and could conform more effectively to the yarn architecture during first-layer deposition.
Combined with the near-zero effective nozzle-to-textile clearance, this likely promoted
deeper squeeze-in, yarn wrapping and stronger mechanical anchoring. Therefore, the
higher TPU response under normal separation is consistent with an interface governed by
polymer penetration and mechanical interlocking, rather than by polymer stiffness alone.
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Figure 17. Cross-sectional microscopy images of the printed polymer–textile interface: (a) TPU,
(b) PLA, (c) PETG.

Figure 18 compares the polymer surface after textile removal for both loading paths,
highlighting how the same interfacial morphology can respond differently under peel
versus normal separation. After T-peel, TPU shows evidence of partial damage to the
polymer-side interlocking features in some regions, consistent with a mixed response in
which the measured force may include not only interface separation but also local rupture
of polymer structures formed within the fabric porosity. In contrast, after the perpendicular
(pull-off) test, the TPU polymer surface retains a dense population of interlocking features
with a more uniformly preserved appearance, suggesting that these features were primarily
pulled out from the textile rather than torn within the polymer. For PLA and PETG, the
polymer-side surfaces appear broadly similar between the two tests, with interlocking
features largely preserved; however, the peel geometry can still promote yarn pull-out
and textile damage when the features are more pronounced and rigid, which provides
a plausible morphological explanation for the substrate-limited outcomes observed in
a subset of PLA T-peel specimens. For PETG, the interlocking features are smaller and
smoother, resembling rounded protrusions, which likely reduces snagging of yarns under
peel loading and is consistent with the absence of textile rupture during PETG T-peel testing
in this study.

 

Figure 18. Comparative cross-sectional microscopy of the polymer after textile removal: (a–c) after
T-peel—(a) TPU, (b) PLA, and (c) PETG; (d–f) after perpendicular-dolly testing—(d) TPU, (e) PLA,
and (f) PETG.
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Figure 19 compares the fabric surface opposite the printed side after testing for both
T-peel and perpendicular pull-off. For TPU under T-peel, polymer residue is distributed
across a large area of the back surface, with interlock remnants visibly occupying weave
openings—direct evidence that torn interlock material remained embedded in the textile
during peeling. In contrast, TPU under perpendicular testing shows only sparse, localized
polymer traces, supporting the interpretation that axial extraction favored a cleaner sepa-
ration without widespread tearing of polymer features. For PLA under T-peel, sporadic
polymer remnants are visible together with noticeable deformation of the weave openings,
consistent with localized yarn displacement/pull-out during off-axis peel extraction. Under
PLA perpendicular testing, polymer traces are again limited and more sporadic, indicating
that normal-to-surface extraction reduces lateral yarn displacement and promotes a cleaner
detachment pathway. Finally, for PETG, where adhesion was the lowest in both methods,
the textile back surfaces show minimal differences between T-peel and perpendicular tests;
neither prominent polymer residues nor notable deformation of the weave openings are
observed, consistent with a weaker mechanical interlocking contribution overall.

Figure 19. Comparative microscopy of fabric surface opposite the printed side after testing. Woven
fabric (a–c) after T-peel test—(a) TPU, (b) PLA, and (c) PETG; (d–f) after perpendicular-dolly testing—
(d) TPU, (e) PLA, and (f) PETG.

Taken together, these microscopy observations support two conclusions: (i) stronger
apparent adhesion in printed-on-textile systems is closely linked to the extent and geometry
of polymer penetration/interlocking, and (ii) the same interlocking morphology can lead
to fundamentally different measured behavior depending on the loading path—mixed or
substrate-limited response under peel versus a cleaner, more interpretable response under
normal (perpendicular) extraction.

4. Discussion
Beyond interpretability, the two methods also differ in practical implementation

and experimental throughput. T-peel can be perceived as a straightforward “print-and-
test” benchmark because it relies on familiar strip specimens and a widely used peel
configuration. However, when the full workflow is considered—including specimen
fabrication footprint, first-layer reliability over extended toolpaths, test duration, and
the proportion of tests that reach a standard-compliant evaluation window—its practical
advantage becomes less clear relative to a compact pull-off (dolly) approach.
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In this study, the printed polymer mass was similar for both specimen types (≈3.5 g),
so the main fabrication penalty of T-peel was not polymer usage but print footprint and
exposure time. T-peel specimens require longer, wider first-layer toolpaths over a larger
textile area. The most critical process issues were observed at the first layer, where extended
continuous deposition increases the likelihood of filament agglomeration and partial nozzle
obstruction. This effect is amplified when stronger adhesion strategies are used (e.g., lower
stand-off/higher flow), because those settings must be maintained across a large first-
layer area. By contrast, the perpendicular-dolly specimen concentrates the interface into
a compact circular zone. The first layer is short and localized, which reduces exposure
to time-dependent first-layer instabilities and makes it practical to use more assertive
first-layer settings to promote penetration without paying the same reliability penalty
encountered in long T-peel prints.

Print times were similar for dolly specimens across materials (≈24–26 min per speci-
men for PLA/PETG/TPU). For T-peel specimens, printing time was comparable for PLA
and PETG (≈24 min per specimen) but increased for TPU (≈35 min per specimen), fur-
ther extending first-layer exposure in the material that also exhibited the highest failure
rate in peel. On the testing machine, a typical T-peel run with ~150 mm effective peel
length corresponds to ~300 mm total arm travel, which at 100 mm/min requires ~3 min of
crosshead travel per specimen, not including mounting and manual alignment. In contrast,
the perpendicular pull-off event is completed within seconds once the fixture is mounted
and aligned; the full set of eight specimens can therefore be tested in minutes rather than
tens of minutes, with lower operator dependence.

T-peel also places more demand on mounting consistency. Gripping, collinearity
and the evolving peel angle can influence the effective loading condition, and long peel
distances increase the chance that the test transitions into mixed or substrate-limited behav-
ior. This is reflected in the present dataset by the large fraction of non-compliant T-peel
outcomes for high-adhesion cases, where premature textile damage prevents steady-state
evaluation. The perpendicular-dolly method avoids the need for a long evaluation window
and standardizes mounting through a self-aligning fixture, which reduces sensitivity to
grip setup and helps ensure that the test reaches a clear separation event.

Finally, the perpendicular approach supports more direct comparison across setups
when geometry and bonded area are reported, because results can be expressed as both
peak force and nominal pull-off stress based on a defined contact area. Previous work using
related perpendicular-separation approaches provides a useful load-range reference for
the proposed fixture. For example, Malengier et al. [17] reported a perpendicular tensile
test in which directly printed PLA dollies were detached from cotton textile substrates.
From their published graph, the maximum forces can be estimated at approximately
80–170 N, depending on textile construction. In the present study, the fully 3D-printable
fixture sustained substantially higher pull-off loads, with PLA reaching 606.5 ± 44.4 N and
TPU reaching 830.8 ± 46.9 N, with a maximum recorded TPU value of 886.8 N, without
fixture failure or loss of alignment. This comparison is not intended to establish direct
adhesion equivalence across different polymers, textile systems or printing conditions.
Rather, it shows that the proposed fixture is mechanically robust enough to evaluate strong
FDM-on-textile interfaces.

T-peel remains useful as a benchmark where steady-state peeling can be achieved, but
its practical throughput and completion rate become limiting in strong-bonding regimes—
precisely the regimes where routine screening and parameter studies require a robust,
repeatable test.

To summarize within-method ranking without implying direct equivalence between
peel and pull-off magnitudes, Figure 20 presents normalized trends referenced to each
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method’s mean. The graph summarizes the available within-method ranking, while high-
lighting the reduced completeness of the T-peel dataset for TPU, where many specimens
could not be evaluated under the ISO window and were therefore excluded from the trend.

Figure 20. Relative polymer ranking normalized within each test method. T-peel values were
normalized from peel resistance (N/mm), while perpendicular pull-off values were normalized from
maximum nominal stress (MPa). The TPU T-peel value is labelled as n = 1 because it represents
a single valid observation and is shown for indicative comparison rather than as a statistically
representative mean.

5. Conclusions
This study evaluated adhesion testing for FDM-printed polymers on a woven cotton

substrate using (i) an ISO 11339-type T-peel benchmark and (ii) a fixture-based perpendic-
ular (pull-off) method built around a printed circular dolly and a fully 3D-printable, self-
aligning clamping assembly. Across three representative filaments (PETG, PLA, and TPU;
n = 8 per polymer), the perpendicular method consistently produced complete datasets and
clearly discriminated the normal-separation response of the three polymer–textile systems
(TPU > PLA > PETG).

In contrast, T-peel quantification over the ISO evaluation window (25–125 mm) was
strongly material-dependent: PETG yielded valid curves for all specimens, PLA produced
a mixed dataset, and TPU was largely substrate-limited, with most runs failing before the
evaluation window could be completed. These outcomes highlight a practical limitation of
peel-based benchmarks for high-interlocking FDM-on-textile systems, where the test can
become dominated by textile damage rather than interface separation.

Microscopy supported the mechanical results by revealing distinct penetration and
interlocking morphologies across polymers and by showing that the same interfacial
architecture can respond differently under peel versus normal separation. From a practical
point of view, concentrating the interface into a small, standardized circular area and
enforcing alignment through a self-aligning fixture improves robustness and throughput,
enabling routine adhesion screening across a wider bonding range than T-peel.

Future work should validate the proposed perpendicular method across a broader
range of textile substrates and structures, including fabrics with different weave architec-
tures, knitted constructions (with higher compliance and loop mobility), and nonwoven
fabrics (with stochastic porosity and fiber entanglement).

A second direction is further scaling of the dolly contact area to extend the quantifiable
range in very-high-adhesion regimes where substrate-limited behavior becomes likely.
Reducing dolly diameter below the current geometry could shift failure away from textile
rupture and toward measurable separation events, improving discrimination among strong-
bonding conditions while preserving the method’s key advantage: a compact, repeatable,
area-defined normal-separation test.
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INTRODUCTION 
In general, when creating firefighter protective equip-
ment (jackets), fabrics that meet the highest levels of
protection and comfort are sought, despite their high
costs. Most companies use fabrics made from aramid
fibres, which dominate the sector, as they offer high
levels of mechanical tensile strength and durability
while being completely flame-resistant. For these
reasons, a range of technical fabrics necessary for
the manufacture of firefighter protective equipment

has been developed using blends of the latest meta-
aramids and para-aramids with comparable effective-
ness and protection at reasonable prices [1–3].
Depending on the application, the choice between
Kevlar and Nomex is one of the requirements for
comfort and protection, which can be used in the
seven layers that make up firefighter protective
equipment. Kevlar is much more resistant to abrasion
than Nomex and is therefore used in a higher con-
centration percentage in firefighter protective equip-
ment [4–6]. Nomex is a softer-feeling fibre and is

Assessing the quality level of the technical fabrics intended for protective
equipment for firefighters by determining synthetic indicators
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ABSTRACT – REZUMAT

Assessing the quality level of the technical fabrics intended for protective equipment
for firefighters by determining synthetic indicators

The paper aims to highlight the quality level of technical fabrics by determining synthetic indicators based on durability
and comfort functions, which can subsequently be used for modelling the physico-mechanical properties and selecting
the most suitable fabrics to meet the requirements of a specific field of use. The study was conducted on two groups of
technical fabrics with different compositions (Kevlar and Nomex), intended to manufacture firefighter protective
equipment (jackets). Quality indicators represent numerical expressions of the quality level of a product or the relative
expression of a certain characteristic, obtained by comparing it to a reference value (norm, standard, model). Quality
indicators are converted into grades I  [0,1], where conventionally, a grade of 0 represents an inadequate product/non-
quality, and a grade of 1 represents a superior quality level. The synthetic indicators determined in this study express
the quality level of a product through the prism of categories/subcategories of quality characteristics representative of
evaluating the comfort and durability functions specific to the groups of fabrics intended for the manufacture of protective
equipment. Based on the values obtained for the synthetic indicators, a ranking of fabric variants is made according to
the importance of durability and comfort characteristics. Thus, optimal fabric variants from each group can be
highlighted, and solutions for improving the quality level for other variants can be proposed.

Keywords: synthetic indicators, durability characteristics, comfort characteristics, Nomex fabrics, Kevlar fabrics

Aprecierea nivelului calitativ al țesăturilor tehnice destinate echipamentelor de protecție pentru pompieri prin
determinarea indicatorilor sintetici

Lucrarea și-a propus să evidențieze nivelul calitativ al țesăturilor tehnice, prin determinarea indicatorilor sintetici, pe
baza funcțiilor de durabilitate și confort, care pot fi folosiți ulterior pentru modelarea proprietăților fizico-mecanice și
pentru selectarea celor mai adecvate țesături privind satisfacerea cerințelor unui anumit domeniu de întrebuințare.
Studiul a fost efectuat pe două grupe de țesături tehnice din compoziții diferite (Kevlar și Nomex), destinate
confecționării echipamentelor de protecție pentru pompieri (jachete). Indicatorii calității reprezintă expresiile numerice
ale nivelului calității unui produs sau expresia relativă a unei anumite caracteristici, obținută prin raportarea la valoarea
de referință (normă, standard, model). Indicatorii calității sunt convertiți în calificative, I  [0,1], unde convențional, prin
calificativul 0 se reprezintă un produs necorespunzător/noncalitate, iar prin calificativul 1 se reprezintă nivelul calitativ
superior. Indicatorii sintetici determinați în cadrul acestui studiu exprimă nivelul calității unui produs prin prisma unor
categorii/subcategorii de caracteristici de calitate reprezentative pentru evaluarea funcțiilor de confort și durabilitate
specifice grupelor de țesături destinate confecționării echipamentelor de protecție. Pe baza valorilor obținute pentru
indicatorii sintetici se realizează o ierarhizare a variantelor de țesături în funcție de gradul de importanță al
caracteristicilor de durabilitate și confort. Astfel, pot fi evidențiate variantele optime de țesături din fiecare grupă și pot fi
propuse soluții de îmbunătățire a nivelului calității pentru celelalte variante.
Cuvinte-cheie: indicatori sintetici, caracteristici de durabilitate și confort, Nomex, Kevlar

710industria textila 2024, vol. 75, no. 6˘



used to a greater extent in everyday clothing articles
due to the greater comfort it offers the wearer [7–9].
Simple weave structures such as plain or twill, as well
as some of their derivatives like rip-stop and twill, are
most commonly used for the outer fabric of firefighter
protective equipment due to their exceptional tear
resistance and increased tensile strength [10–12].
Nomex provides heat and flame resistance to the
protective equipment, while Kevlar offers flexibility,
comfort, and breathability [13–15]. Kevlar has been
extensively utilized in the production of advanced
composites in aerospace, military, marine, and sports
sectors due to its mechanical properties, thermal sta-
bility, and high energy absorption properties [16–18].
Nomex®, manufactured by DuPont, is made of
aramid fibres and is lightweight with high tensile
strength and heat resistance (degrading at 480°C)
[19–20]. Its high breathability and low water vapour
resistance make it suitable for use as an outer layer.
Fabrics face complex demands in fire situations
[21–26]. The fabric’s performance in these situations
is related to comfort, time, warmth, durability, and
other specific appearance features [27–30]. The per-
formance of firefighter protective clothing is primarily
based on the thermophysical properties of the mate-
rials used in their construction [31–36].

EXPERIMENTAL PART
Materials and methods
The experimental matrix included twelve samples
from two groups of technical fabrics with different
compositions, intended for the manufacture of fire-
fighter protective equipment, whose characteristics
are presented in table 1.

Group A of fabrics contains six articles, coded K1, K2,
K3, K4, K5, and K6, made from yarns composed of
Kevlar fibres, balanced in fineness with Nmwarp =
Nmweft and density Pwarp = Pweft, with plain and twill
weave structures.
Group B of fabrics contains six articles, coded N1,
N2, N3, N4, N5, and N6, made from yarns composed
of Nomex fibres, balanced in fineness with Nmwarp =
Nmweft and density Pwarp = Pweft , with plain and twill
weave structures.
The fibrous composition, properties of the component
fibres, structural parameters of the fabrics, mechani-
cal and physical properties of the yarns, as well as
finishing treatments, influence the quality characteris-
tics regarding the durability and physiological comfort
of firefighter protective equipment. To highlight the
influence of the weave structure on certain surface
characteristics of the fabrics in the studies conducted
within this work, the weave structure was expressed
by the warp floating for the warp yarns Fwarp and the
weft floating for the weft yarns Fweft. The intersection
between a warp yarn and a weft yarn is called a bind-
ing point, so the weave structure contains the set of
all binding points with a warp or weft effect in the lon-
gitudinal or transverse direction. The floating size,
like the binding segment, has a minimum value of
F = 1, which is specific to the plain weave structure.
Due to its unique properties such as high strength-to-
weight ratio and greater modulus, Kevlar fibre has
become very popular as reinforcement in composite
materials, and its application has increased consider-
ably. Kevlar® is an example of a para-aramid fibre,
while Nomex® is considered a meta-aramid. The key
difference between meta and para-aramid is that
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CHARACTERISTICS OF TWELVE SAMPLES OF TECHNICAL FABRICS WITH DIFFERENT COMPOSITIONS

Group/
Composition Article code

Yarn count
Nmwarp = Nmweft

Technological density,
(yarns/10 cm)
Pwarp = Pweft

Mean
flotation

F

Type of
bonding

Group A/Kevlar

K1 68/2 265 2 2Twill D    /2

K2 54/2 260 2 2Twill D    /2

K3 48/2 290 1.5 2Twill D    /1

K4 60/2 280 1.5 2Twill D    /1

K5 68/2 285 1 Plain
K6 60/2 275 1 Plain

Group B/Nomex

N1 64/2 270 2 2Twill D    /2

N2 60/2 260 2 2Twill D    /2

N3 48/2 370 1.5 2Twill D    /1

N4 56/2 360 1.5 2Twill D    /1

N5 56/2 355 1 Plain
N6 68/2 350 1 Plain

Table 1
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intended for clothing must ensure comfort conditions
during wearer activity.
Experimental values for determining the thermal con-
ductivity coefficient, vapour permeability coefficient,
and air permeability index for the two groups of fab-
rics were obtained through standardized methods,
depending on treatment parameters (temperature,
pressure, and speed) and material characteristics.
The quality level of the two groups of technical fabrics
intended for the manufacture of protective equipment
is assessed by determining synthetic quality indica-
tors based on comfort and durability functions.
Quality indicators are numerical expressions of the
quality level of a product. A quality indicator must
meet a series of conditions:
• it should be simple, so that the calculation method,

expression, and meaning are easy to understand;
• it should be relevant to ensure the most accurate

description of the actual quality level;
• it should be verifiable so that it can be recalculated

anytime based on the method used.
The quality index is a relative expression of a specif-
ic characteristic, obtained by comparing it to a refer-
ence value (norm, standard, model).
The index can be converted into a rating I  [0,1],
where conventionally, a rating of 0 represents an
inadequate product/non-quality, and a rating of 1 rep-
resents a superior quality level.
To determine the indices, it is necessary to apply
methods for evaluating quality characteristics.
Specific methods for the textile industry include:
• measurement with known precision using stan-

dardized means;
• expertise conducted through sensory analysis by

specialists in the field;
• sociological evaluation based on survey question-

naires addressed to potential users.
In the study, quality characteristics representative of
evaluating the comfort and durability functions spe-
cific to the groups of fabrics intended for the manu-
facture of protective equipment were measured. The
expertise method was applied to assess the impor-
tance of the characteristics expressing the functions
of the analysed products. Quality indicators can be
simple, synthetic, or global based on the level of
complexity. The emphasis of the study was on evalu-
ating the quality level of the analyzed textile surfaces
through synthetic and global indicators. The synthet-
ic indicator expresses the quality level of a product
through the prism of categories/subcategories of
quality characteristics.
The algorithm for calculating the synthetic indicator is
as follows:
1. Select representative characteristics.
2. Obtain the sample consisting of representative

samples (n).
3. Measure the characteristics using standardized

methods.
4. Determine the preferred direction of increase/

decrease for each characteristic, depending on the
product’s purpose.

meta-aramid has a semi-crystalline molecular struc-
ture, while para-aramid is crystalline. Fabrics woven
from Nomex® fibres are used in applications requir-
ing good textile properties, good dimensional stabili-
ty, and excellent heat resistance. Fabrics woven of
Nomex® fibre have good resistance to many chemi-
cals and are highly resistant to most hydrocarbons
and many other organic solvents.
The database used in this study was obtained by
quantifying the physical-mechanical properties of the
two groups of fabrics using standardized methods
and evaluated through a series of indices determined
directly on the measuring apparatus or by calculation.
In determining the synthetic indicators of the two
groups of technical fabrics intended for the manufac-
ture of firefighter protective equipment, a series of
representative characteristics reflecting durability
were selected: tensile strength, Pr (daN); fabric
tenacity,  (cN/tex); puncture resistance, T (N); work
of mechanical deformation at rupture, Ws (Nm); and
flexural stiffness, R (mgcm). In determining the syn-
thetic indicators reflecting physiological comfort, the
following representative characteristics were select-
ed: air permeability index, I (kg/m2h); relative elon-
gation at break, e (%); thermal conductivity coeffi-
cient, l (kcal/mh°C); vapour permeability coefficient,
m (g/m2h) and fabric mass, M (g/m2).
The representative characteristics used in calculating
the synthetic indicators of durability and comfort were
selected using the correlation method. Tensile prop-
erties tests of the fabrics were conducted on the
Honsfield electronic dynamometer, according to SR
EN ISO 2062. Analysis of fabric behaviour during
wearing indicates that they are subjected to simple or
repeated uniaxial or biaxial stretching stresses. The
level of these stresses can be close to the breaking
limit or may have low, insignificant values, so the
designer must anticipate the behaviour under such
stresses. This can be appreciated by determining
indices derived from the stress-strain diagram. The
behaviour under the bending stress of fabrics is
structurally determined by the transfer of fibre-yarn-
fabric properties, influenced by mechanical and
chemical processing processes, and is expressed by
the bending length and flexural stiffness. In this study,
we used the values obtained for the flexural stiffness
of the two groups of fabrics, determined according to
the ASTM D1388-18 standard.
Protective equipment for firefighters must be
designed to ensure conditions of comfort (being per-
meable to air and vapours, impermeable to water and
toxic substances), of operation (comfortable, resis-
tant, easy to wear), but also to contribute to the pre-
vention of accidents and occupational illnesses.
The mass of the fabrics was determined according to
the SR EN 12127:2013 standard, which allows for
comparative evaluation, essential for the intended
use of the fabric.
Air permeability was determined in accordance with
the EN ISO 9237:1995 standard, which for fabrics



5. Report the obtained values for each characteristic
on a unique scale within the interval [0;1].

6. By reporting, the degree of utility Ui is obtained
depending on the preferred direction of increase/
decrease of the quality characteristic values, as
follows:
• for the preferred direction of increase in charac-

teristic values (positive characteristic), Ui is cal-
culated using the following relationship:

xi – xminUi =                  (1)xmax – xmin
• for the preferred direction of decrease in charac-

teristic values (negative characteristic), Ui is cal-
culated using the following relationship:

xmax – xiUi =                  (2)                xmax – xmin
• the hierarchy of quality characteristics based on

the coefficient of significance (degree of impor-
tance) is calculated using the following relation-
ship: 

m n               m
i = (100 /  Rij ) / (  (100 / Rij )) (3)

j=1              i=1            j=1

where Rij = 1 represents the rank assigned to the
characteristic considered the most important (with
maximum score); Rij = n represents the rank
assigned to the characteristic considered the least
important (with minimum score); n is the number of
characteristics i = 1, ..., n; m is the number of experts
j = 1, ..., m.
To establish the significance coefficient, the expertise
method was applied. The ranks corresponding to the
quality characteristics were evaluated by a team of
six specialists in the textile field. Based on the evalu-
ations, the experts fill out survey sheets assigning dif-
ferent ranks to the quality characteristics. The con-
sistency of opinions among experts is verified using
the following relationship:

n     m
W =  ( Rij  – Rij)2 / [m2  (n3 – n) / 6] (4)

i=1   j=1

where:
n    m

Rij = (  Rij ) / 6    (5)
i=1 j=1
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The verification of agreement among experts is
conducted based on the 2 test, where the test statis-
tic is calculated using the following relationship:

2 = W  m (n – 1)       (6)
2           2If calc  –1,a=0.05, it follows that the opinions of the

experts are in agreement (W is significant).
For W  0.8, the significance coefficient i is deter-
mined using the following relationship:

m n m
i = (100 /  Rij ) / (  100 / Rij ) (7)

j=1              i=1          j=1

The hierarchy of characteristics is determined based
on the criterion of decreasing values of i.The repre-
sentative values must satisfy the condition i  1/n
[37–40]. Calculation of the synthetic indicator using
the relationship:

n
Is = Ui   i        (8)

i=1

Synthetic indicators express the quality level of a
product through the prism of categories/subcate-
gories of quality characteristics considered to be rep-
resentative of a product.

RESULTS AND DISCUSSIONS
According to the steps in the workflow algorithm, the
following are calculated:
• Synthetic durability indicators Is1–gr.A and Is1–gr.B

for Group A and Group B of fabrics, respectively.
• Comfort indicators Is2–gr.A and Is2–gr.B for Group A

and Group B of fabrics intended for the manufac-
ture of firefighter protective equipment.

The calculation of the synthetic durability
indicator for the fabrics in Group A (Kevlar)
Selection of representative characteristics:
• tensile strength, Pr (daN);
• fabric tenacity,  (cN/tex);
• puncture resistance, T (N);
• work of deformation at rupture, Ws (Nm);
• flexural rigidity, R (mgcm).
The average values of durability characteristics for
the fabrics in Group A (Kevlar) are presented in
table 2.

AVERAGE VALUES OF DURABILITY CHARACTERISTICS FOR THE FABRICS IN GROUP A (KEVLAR)

Group/
Composition Article code

Tensile
strength
Pr (daN) 

Fabric
tenacity

 (cN/tex)

Puncture
resistance

T (N)

Mechanical
work

Ws (Nm)

Flexural
rigidity

R (mgcm) 

Group A/
Kevlar

K1 79.03 16.70 1539.72 6.247 52.92
K2 77.76 16.15 1487.52 6.065 50.86
K3 72.47 12.00 1224.64 3.287 58.85
K4 71.59 15.34 1342.78 3.849 54.66
K5 87.05 20.77 1380.58 6.393 62.44
K6 85.24 18.60 1420.51 5.919 58.85

Min 71.59 12.00 1224.64 3.287 50.86
Max 87.05 20.77 1539.72 6.393 62.44

Table 2
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The preferred direction of variation for durability char-
acteristics has been adopted as follows:
• positive characteristics: Pr (daN),  (cN/tex), T (N)

and Ws (Nm);
• negative characteristics: R (mgcm).
The values obtained for each characteristic are
reported on a single scale in the interval [0;1] as
shown in table 3; the degree of utility Ui based on the
preferred direction of increase/decrease of the quali-
ty characteristic values was determined as follows:

• For the preferred direction of increasing the val-
ues of the characteristic (positive characteristic),
Ui is calculated using the relationship:

xi – xminUi =                  (9)xmax – xmin
• For the preferred direction of decreasing the val-

ues of the characteristic (negative characteris-
tic), Ui is calculated using the relationship:

xmax – xiUi =                  (10)                xmax – xmin
The values of the synthetic durability indicator for the
fabrics in Group A (Kevlar) are presented in table 3.
To calculate the indicator Is1–gr.A, the values of the
importance degree of durability characteristics pre-
sented in table 4 were required. The importance
degree of durability characteristics was evaluated
using the expert method (table 5).
The consistency of expert opinions was checked
using the relationship:

n     m
W =  ( Rij  – Rij)2 / [m2  (n3 – n) / 6] = (11)

i=1   j=1

25960=                     = 36(125 – 5)
36              6

From a statistical point of view, the agreement of
expert opinions is verified using the test, where the
2 test statistic is calculated using the relationship:

2 = W  m (n – 1)      (12)

2           2If calc  –1,a=0.05, it follows that the expert opinions
are in agreement (W is significant). So, from a statis-

2                        2tical perspective, calc = 720  tab, the expert opin-
ions are in agreement (W is significant). The ranking
of characteristics is based on the criterion of
decreasing values of ij, as presented in table 5.

The calculation of the synthetic durability
indicator for the fabrics in Group B (Nomex)
The average values of durability characteristics for
fabrics in Group B (Nomex) are presented in table 6.
To calculate the indicator Is1–gr.B, the values of the
importance degree of durability characteristics pre-
sented in table 7 were required. The importance
degree of durability characteristics was evaluated
using the expert method (table 5).
The ranking of durability characteristics for fabrics in
Group B was conducted similarly to fabrics in Group
A, according to table 5. This method of calculation
allows for drawing direct conclusions based on the
quality indicators: the closer the indicator value is to
1, the higher the quality it represents. The synthetic
indicator Is1–gr.A includes all the characteristics that
are reflected in the durability of the analysed fabrics,
as observed from the experimental data for fabrics in
Group A (Kevlar). Article K5, characterized by
Nmwarp = Nmweft = 68/2, Pwarp = Pweft = 285 yarns/10
cm  plain weave, with floating F = 1, has the highest
value of the synthetic indicator Is1–gr.A = 0.889. This
is justified by the fact that the utility of positive char-
acteristics for tensile strength, fabric tenacity, and
mechanical work of rupture deformation has the max-
imum value, indicating a higher quality level, except
for puncture resistance, which is 0.5. Also, the utility
of the negative characteristic for bending stiffness
has the maximum value, indicating a higher quality
level.

VALUES OF THE SYNTHETIC DURABILITY INDICATOR FOR THE FABRICS IN GROUP A (KEVLAR)

Group/
Composition

Article
code

Positive Positive Positive Negative Negative Is1–gr.APr (daN)  (cN/tex) T (N) Ws (Nm) R (mgcm)

Group A/
Kevlar

K1 0.481 0.317 1.000 0.863 0.178 0.553
K2 0.399 0.357 0.834 0.567 0.000 0.428
K3 0.057 0.000 0.000 0.106 0.690 0.170
K4 0.000 0.040 0.375 0.000 0.328 0.160
K5 1.000 1.000 0.495 1.000 1.000 0.889
K6 0.883 0.994 0.622 0.992 0.690 0.828

Table 3

VALUES OF THE IMPORTANCE DEGREE OF DURABILITY CHARACTERISTICS OF GROUP A (KEVLAR)

Degree of
importance Pr (daN)  (cN/tex) T (N) Ws (Nm) R (mgcm)

i 0.19 0.23 0.22 0.15 0.21

Table 4



At Article K4 in Group A, characterized by Nmwarp =
Nmweft = 60/20, Pwarp = Pweft = 280 yarns/10 cm,

2diagonal D    /, with floating F = 1.5, the lowest value1
of the synthetic indicator Is1–gr.A = 0.160 was
obtained. This is justified by the fact that the utility of
positive characteristics for tensile strength and
mechanical work of rupture deformation has the min-
imum value. Additionally, fabric tenacity and puncture

resistance have values lower than 0.4, closer to the
lower limit, indicating a lower quality level. Moreover,
the utility of the negative characteristic for bending
stiffness has a value lower than 0.4, indicating a
lower quality level.
At Article N6 in Group B (Nomex), characterized by
Nmwarp = Nmweft = 68/2, Pwarp = Pweft = 350 yarns/10
cm, plain weave, with floating F = 1, the highest value
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RANKING OF CHARACTERISTICS OF GROUP A (KEVLAR)

Characteristics

Experts
Pr (daN)  (cN/tex) T (N) Ws (Nm) R (mgcm)

n
Riji=1

E1 5 3 4 2 1 15
E2 4 2 1 5 3 15
E3 1 4 2 3 5 15
E4 2 3 4 5 1 15
E5 1 3 2 4 5 15
E6 2 1 4 5 3 15

m
Rijj=1

19 15 16 23 17 90

m
100 / Rijj=1

5.26 6.67 6.25 4.35 5.88 28

ij 0.19 0.23 0.22 0.15 0.21 1.0
Rank 4 1 2 5 3 15.0

m
Rij – Rij,nj=1

5041 5625 5476 4489 5329
n      m
(Rij – Rij)2

i=1 j=1

Table 5

VALUES OF THE IMPORTANCE DEGREE OF DURABILITY CHARACTERISTICS OF GROUP B (NOMEX)

Group/
Composition

Article
code

Positive Positive Positive Positive Negative Is1–gr.BPr (daN)  (cN/tex) T (N) Ws (Nm) R (mgcm)

Group B/
Nomex

N1 0.500 0.173 0.779 0.960 0.827 0.623
N2 0.463 0.183 0.613 1.000 1.000 0.624
N3 0.094 0.013 0.074 0.977 0.328 0.254
N4 0.000 0.000 0.000 0.962 0.849 0.323
N5 1.000 1.000 0.947 0.000 0.000 0.628
N6 0.849 0.962 1.000 0.012 0.346 0.676

Table 7

AVERAGE VALUES OF DURABILITY CHARACTERISTICS FOR FABRICS IN GROUP B (NOMEX)

Group/
Composition

Article
code Pr (daN)  (cN/tex) T (N) Ws (Nm) R (mgcm)

Group B/
Nomex

N1 35.05 5.13 674.17 4.068 52.92
N2 34.89 5.18 642.21 4.039 50.86
N3 33.27 4.38 538.33 4.051 58.85
N4 32.86 4.32 524.16 4.04 52.66
N5 37.24 9.01 706.67 3.339 62.75
N6 36.58 8.83 716.85 3.348 58.64

Min 32.86 4.32 524.16 3.34 50.86
Max 37.24 9.01 716.85 4.07 62.75

Table 6



of the synthetic indicator Is1–gr.B = 0.676 was
obtained. This is justified by the fact that the utility of
positive characteristics for tensile strength, fabric
tenacity, and puncture resistance, except for the
mechanical work of rupture deformation, is close to
the maximum value, indicating a higher quality level.
However, the utility of the negative characteristic for
bending stiffness has a value lower than 0.4, close to
the lower limit, indicating a lower quality level.
At Article N3 in Group B, characterized by Nmwarp =
Nmweft = 48/2, Pwarp = Pweft = 370 yarns/10 cm, diag-

2onal D    /, with floating F = 1.5, the lowest value of1
the synthetic indicator Is1–gr.A = 0.254 was obtained.
This is justified by the fact that the utility of positive
characteristics for tensile strength, fabric tenacity,
and puncture resistance is at the minimum value,
indicating a lower quality level, except for the
mechanical work of rupture deformation. However,
the utility of the negative characteristic for bending
stiffness is close to the upper limit, indicating a high-
er quality level.
Among the analysed characteristics, the team of
experts considered that fabric tenacity best reflects
the durability of the fabrics, assigning it the highest
weight for assessing the quality level of fabric assort-
ments needed for the production of firefighting equip-
ment.

Calculating the synthetic physiological comfort
indicator for fabrics in Group A (Kevlar)
According to the steps within the algorithm, synthetic
comfort indicators Is2–gr.A and Is2–gr.B are calculated
for each group of fabrics.
Selection of representative characteristics:
• Air permeability index, I (kg/m2h)
• Relative elongation at break, e (%)
• Thermal conductivity coefficient, l (kcal/mh°C)
• Vapor permeability coefficient, m (g/m2h)
• Fabric mass, M (g/m2)
The average values of comfort characteristics for fab-
rics in Group A (Kevlar) are presented in table 8. The
preferred direction of variation for physiological com-
fort characteristics has been adopted as follows:
• positive characteristics: I (kg/m2h) and e (%);
• negative characteristics: l (kcal/mh°C), m (g/m2h)

and M (g/m2).
The values obtained for each characteristic are
reported on a single scale in the interval [0;1] in
table 9. The degree of utility Ui depending on the pre-
ferred direction of increase/decrease of the quality
characteristic values was determined as follows:
• for the preferred direction of increasing the values

of the characteristic (positive characteristic), Ui is
calculated using the relationship:

xi – xminUi =                  (13)xmax – xmin
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AVERAGE VALUES OF COMFORT CHARACTERISTICS FOR FABRICS IN GROUP A (KEVLAR)

Group/
Composition

Article
code

Air permeability
index

I (kg/m2h)

Relative
elongation

at break
e (%)

Thermal
conductivity
coefficient

l (kcal/mh°C)

Vapour
permeability
coefficient
m (g/m2h)

Fabric mass
M (g/m2)

Group A/
Kevlar

K1 35.4 7.3 0.044 4.28 147
K2 24.2 6.8 0.047 4.22 160
K3 34.5 7.6 0.052 4.35 156
K4 32.8 7.8 0.048 4.42 180
K5 33.6 5.4 0.053 4.75 162
K6 34.2 5.6 0.050 4.68 174

Min 24.2 5.4 0.044 4.22 147
Max 35.4 7.8 0.053 4.75 180

Table 8

VALUES OF THE SYNTHETIC COMFORT INDICATOR FOR THE FABRICS IN GROUP A (KEVLAR)

Group/
Composition

Article
code

Positive Positive Negative Negative Negative
Is2–gr.AI

(kg/m2h)
e

(%)
l

(kcal/mh°C)
m

(g/m2h)
M

(g/m2)

Group A/
Kevlar

K1 1.000 0.792 1.000 0.887 1.000 0.939
K2 0.000 0.583 0.667 1.000 0.606 0.561
K3 0.920 0.917 0.111 0.755 0.727 0.694
K4 0.768 1.000 0.556 0.623 0.000 0.586
K5 0.839 0.000 0.000 0.000 0.545 0.296
K6 0.893 0.083 0.333 0.132 0.182 0.341

Table 9
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• for the preferred direction of decreasing the values
of the characteristic (negative characteristic), Ui is
calculated using the relationship:

xmax – xiUi =                  (14)                xmax – xmin
The values of the synthetic comfort indicator Is2–gr.A
for fabrics in Group A (Kevlar) are presented in
table 9. For the calculation of the indicator Is2–gr.A,
the values of the importance degree of comfort char-
acteristics presented in table 10 were required. The
importance degree of durability characteristics was
evaluated using the expert method (table 11).
The consistency of expert opinions was checked
using the relationship:

n     m
W =  ( Rij  – Rij)2 / [m2  (n3 – n) / 6] = (15)

i=1   j=1

25960=                     = 36(125 – 5)
36              6

From a statistical point of view, the agreement of
expert opinions is verified using the test, where the
2 test statistic is calculated using the relationship:

2 = W  m (n – 1)      (16)

2             2So, from a statistical perspective, calc  –1,a=0.05, 
the expert opinions are in agreement (W is signifi-
cant). The ranking of characteristics is based on the
criterion of decreasing values of ij, as presented in
table 11.

Calculating the synthetic physiological comfort
indicator for fabrics in Group B (Nomex)
The average values of physiological comfort charac-
teristics for fabrics in Group B (Nomex) are present-
ed in table 12. The values of the synthetic comfort
indicator Is2–gr.B for fabrics in Group B (Nomex) are
presented in table 13. For the calculation of the indi-
cator Is2–gr.A, the values of the importance degree of
comfort characteristics presented in table 10 were
required. The importance degree of durability charac-
teristics was evaluated using the expert method
(table 11).
The ranking of comfort characteristics for fabrics in
Group B was conducted similarly to fabrics in Group
A, according to table 4. From the analysis of the val-
ues obtained for the synthetic comfort indicators
Is2–gr.A and Is2–gr.B, the following aspects can be
deduced:
• The synthetic indicator Is2–gr.A includes all the

characteristics that are reflected in the comfort of
the analysed fabrics, as observed from the experi-
mental data for fabrics in Group A (Kevlar). Article
K1, characterized by Nmwarp = Nmweft = 56/2,

2Pwarp = Pweft = 365 yarns/10 cm, diagonal D    /,2
with floating F = 2, has the highest value of the syn-
thetic indicator Is1–gr.A = 0.939. This is justified by
the fact that the utility of positive characteristics for
the air permeability index has the maximum value,
and the relative elongation at break is close to the
upper limit, indicating a higher quality level.

VALUES OF THE IMPORTANCE DEGREE OF COMFORT CHARACTERISTICS OF GROUP A (KEVLAR)

Degree of
importance

I
(kg/m2h)

e
(%)

l
(kcal/mh°C)

m
(g/m2h)

M
(g/m2)

i 0.22 0.18 0.19 0.21 0.20

RANKING OF CHARACTERISTICS OF GROUP A (KEVLAR)

Characteristics

Experts

I
(kg/m2h)

e
(%)

l
(kcal/mh°C)

m
(g/m2h)

M
(g/m2)

m
Rijj=1

E1 1 2 3 4 5 15
E2 3 4 1 5 2 15
E3 4 5 3 1 2 15
E4 1 4 5 2 3 15
E5 2 3 4 1 5 15
E6 5 2 3 4 1 15
n
Riji=1

16 20 19 17 18 90

m
100 / Rijj=1

6.25 5.00 5.26 5.88 5.56 28

ij 0.22 0.18 0.19 0.21 0.20 1
Rank 1 5 4 2 3 15

m
Rij – Rij,nj=1

5476 4900 5041 5329 5184
n      m
(Rij – Rij)2

i=1 j=1

Table 11

Table 10



Additionally, the utility of the negative characteris-
tics, such as the thermal conductivity coefficient
and fabric mass, has maximum values. Moreover,
the vapour permeability coefficient has a value
greater than 0.8, close to the upper limit, indicating
a higher quality level.

• At Article K5 in Group A, characterized by Nmwarp =
Nmweft = 68/2 and Pwarp = Pweft = 285 yarns/10 cm,
plain weave, with floating F = 1, the lowest value of
the synthetic indicator Is2–gr.A = 0.296 was
obtained. This is justified by the fact that the utility
of positive characteristics for relative elongation at
break is at the minimum value, indicating a lower
quality level. Additionally, the utility of negative
characteristics, such as the thermal conductivity
coefficient and vapour permeability coefficient, has
minimum values. Moreover, the fabric mass has an
average value, indicating a lower quality level.

• At Article N2 in Group B (Nomex), characterized by
Nmwarp = Nmweft = 60/2, Pwarp = Pweft = 260

2yarns/10 cm, diagonal D    /, with floating F = 2, the 2
highest value of the synthetic indicator Is2–gr.B =
0.870 was obtained. This is justified by the fact that
the utility of positive characteristics, such as the air
permeability index and relative elongation at break,
is close to the upper limit, indicating a higher qual-
ity level. Additionally, the utility of negative charac-
teristics, such as the thermal conductivity coeffi-

cient, vapour permeability coefficient, and fabric
mass, has maximum values, indicating a higher
quality level.

• At Article N5 in Group B, characterized by Nmwarp=
Nmweft = 56/2, Pwarp = Pweft = 355 yarns/10 cm,
plain weave, with floating F = 1, the lowest value of
the synthetic indicator Is1–gr.A = 0.128 was
obtained. This is justified by the fact that the utility
of positive characteristics, such as the air perme-
ability index and relative elongation at break, is
close to the lower limit, indicating a lower quality
level. Additionally, the utility of negative character-
istics, such as the thermal conductivity coefficient,
vapour permeability coefficient, and fabric mass,
has minimum values, indicating a lower quality
level.

• Among the analysed characteristics, the team of
experts considered that the air permeability index
best reflects the comfort of the fabrics, assigning it
the highest weight for assessing the quality level of
fabric assortments needed for the production of
firefighting equipment.

CONCLUSIONS
In conclusion, it is noted that the highest values for
the synthetic durability indicators of fabrics, both in
Group A (Kevlar) and Group B (Nomex), were
obtained for fabrics with a plain weave structure,
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AVERAGE VALUES OF PHYSIOLOGICAL COMFORT CHARACTERISTICS FOR FABRICS IN GROUP B (NOMEX)

Group/
Composition

Article
code

Air permeability
index

I (kg/m2h)

Relative
elongation

at break
e (%)

Thermal
conductivity
coefficient

l (kcal/mh°C)

Vapour
permeability
coefficient
m (g/m2h)

Fabric mass
M (g/m2)

Group B/
Nomex

N1 26.30 21.90 0.056 5.45 217
N2 30.60 22.70 0.054 5.32 214
N3 28.80 25.30 0.059 5.73 220
N4 27.40 26.80 0.057 5.66 230
N5 29.10 17.60 0.063 6.17 292
N6 32.20 16.30 0.060 5.81 288

Min 26.30 16.30 0.054 5.32 214
Max 32.20 26.80 0.063 6.17 292

Table 12

VALUES OF THE SYNTHETIC COMFORT INDICATOR FOR FABRICS IN GROUP B (NOMEX)

Group/
Composition

Article
code

Positive Positive Negative Negative Negative
Is2–gr.BI

(kg/m2h)
e

(%)
l

(kcal/mh°C)
m

(g/m2h)
M

(g/m2)

Group B/
Nomex

N1 0.000 0.533 0.778 0.847 0.962 0.611
N2 0.729 0.610 1.000 1.000 1.000 0.870
N3 0.424 0.857 0.444 0.518 0.923 0.624
N4 0.186 1.000 0.667 0.600 0.795 0.630
N5 0.475 0.124 0.000 0.000 0.000 0.128
N6 1.000 0.000 0.333 0.424 0.051 0.386

Table 13



Is1–gr.A = 0.889, Art. K5 and Is1–gr.B = 0.676, Art. N6,
while the lowest values were obtained for fabrics with 

2a diagonal D      / structure, Is1–gr.A = 0.160, Art. K4 1
and Is1–gr.B = 0.254, Art. N3.
The highest values for the synthetic comfort indica-
tors of fabrics, both in Group A (Kevlar) and Group B
(Nomex), were obtained for fabrics with a Diagonal

2D    / structure, Is2–gr.A = 0.939, Art. K1 and Is2–gr.B = 1
0.870, Art. N2 respectively, while the lowest values
were obtained for fabrics with a plain weave struc-
ture, Is2–gr.A = 0.296, Art. K5 and Is2–gr.B = 0.128,
Art. N5.
Fabrics with a Plain weave structure provide better
stability of the yarns in the woven structure, regard-
less of the fibre composition. However, it should be
noted that the raw materials used in the production of
firefighting equipment must have special characteris-
tics, which Kevlar and Nomex fibres fulfil, thus ensur-
ing the performance of activities involving risk factors
of thermal, chemical, biological, mechanical, physi-
cal, or electrical nature and have direct influences on
the health and life of the individual performing a cer-
tain activity. 
The values of the synthetic indicators determined
based on durability and comfort functions can be
used subsequently for modelling the physical-
mechanical properties and for selecting the most
suitable fabrics to meet the requirements of a partic-
ular field of use.
Articles in each group where the value of both the
synthetic durability indicator and the synthetic com-
fort indicator is close to the maximum, indicating a
superior quality level, can be considered reference
elements. Therefore, articles, where the value of both
the synthetic durability indicator and the synthetic
comfort indicator is minimal, can have their quality
improved by modifying structural parameters (such
as fineness, technological density, and weave type),
with the high-quality article from each group serving
as a reference. This approach allows for finding opti-
mal operating conditions in a short time and with
reduced material costs compared to laboratory
research.
The choice of raw material for making firefighter suits
is a meticulous and rigorous process, considering
that this equipment must provide maximum protec-
tion under extreme conditions. 
By calculating the synthetic durability indicators for
the fabrics from Group A (Kevlar), manufacturers can
select plain weave fabrics, such as: Art. K5 (Is1–gr.A =
0.889) and Art. K6 (Is1–gr.A = 0.828), to be used in the
outer layer of the protective jacket for firefighters,
because through their structural characteristics (fine-
ness, technological density, type of weave) and the
values of durability assessment properties, they offer
good resistance to cuts and abrasions, as well as
thermal protection.

2Diagonal D    / weave fabrics, namely Art. K1 (Is1–gr.A2
= 0.553) and Art. K2 (Is1–gr.A = 0.428), can be used
for the collar and cuff areas. These areas can be rein-
forced with Kevlar fabric to prevent fire penetration
and provide additional protection against heat.

2Additionally, D     / weave fabrics, namely Art K31
(Is1–gr.A = 0.170) and Art. K4 (Is1–gr.A = 0.160), can
be used for the shoulder and elbow areas as an addi-
tional layer of protection to provide better protection
against impact and heat.
Based on the obtained values of the synthetic com-
fort indicators for the fabrics from Group A (Kevlar),

2manufacturers can select Diagonal D     /, weave 1
fabrics, such as: Art K1 (Is2–gr.A = 0.939) and Art. K2
(Is2–gr.A = 0.561), to be used in the elbow and knee
areas in the case of pants, as an additional layer of
protection.

2Diagonal D     / weave fabrics, namely Art. K3 (Is1–gr.A1
= 0.694) and Art. K4 (Is1–gr.A = 0.586), can be used
for the pocket area. This area can be reinforced with
Kevlar fabric to prevent the penetration of fire and
water, providing additional protection against heat
and for the radio/phone.
Plain weave fabrics, namely Art. K5 (Is1–gr.A = 0.296)
and Art. K6 (Is1–gr.A = 0.341), can be used for the
shoulder and collar areas as an insulation layer to
keep heat away and protect against extreme temper-
atures.
By calculating the synthetic durability indicators for
the fabrics from Group B (Nomex), manufacturers
can select plain weave fabrics, such as: Art. N6
(Is1–gr.B = 0.676) and Art. N5 (Is1–gr.B = 0.628), to be
used in the outer layer of the jacket, providing a bar-
rier against flames and intense heat.

2Diagonal D     / wave fabrics, namely Art. N1 (Is1–gr.B2
= 0.623) and Art. N2 (Is1–gr.B = 0.624), can be used
for the protective hood, which covers the head, neck,
and sometimes shoulders, often made of Nomex to
protect these sensitive areas from exposure to fire
and heat.

2Diagonal D     / wave fabrics, namely Art. N3 (Is1–gr.B1
= 0.254) and Art. N4 (Is1–gr.B = 0.323), can be used
for the collar and cuff areas. These areas can be rein-
forced with Nomex fabric to prevent fire penetration
and provide additional protection against heat.
Based on the obtained values of the synthetic com-
fort indicators for the fabrics from Group B (Nomex),

2manufacturers can select Diagonal D     / weave fab-2
rics, such as Art. N2 (Is2–gr.B = 0.870) and Art. N1
(Is2–gr.B = 0.611), to be used in the making of base
clothing, worn under the main suit, which can be
made from Nomex to provide additional protection at
the skin level.

2Diagonal D     / weave fabrics, namely Art. N3 (Is1–gr.B1
= 0.624) and Art. N4 (Is1–gr.B = 0.630), can be used
for making full suits to provide complete protection.
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Plain weave fabrics, namely Art. N5 (Is1–gr.B = 0.128)
and Art. N6 (Is1–gr.B = 0.386), can be used in the
inner layers including lining to ensure additional pro-
tection and enhance the comfort of the firefighter.
Based on the obtained values of durability and com-
fort synthetic indicators, manufacturers ensure that
the selected materials used in various areas of fire-
fighter protective equipment meet the highest safety

and performance standards, thereby protecting the
lives of those on the front lines of firefighting efforts.
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Abstract: Composite materials reinforced with textile fabrics represent a complex subject. When
explaining these materials, one must consider their mechanical behavior in general, and impact
resistance in particular, as many applications are characterized by dynamic strains. Impact char-
acteristics must be considered from the early stages of the design process in order to be controlled
through structure, layer deposition and direction. Reinforcement materials are essential for the
quality and behavior of composites, and textile reinforcements present a large range of advantages.
It takes a good understanding of the requirements specific to an application to accurately design
textile reinforcements. Currently, simulations of textile reinforcements and composites are efficient
tools to forecast their behavior during both processing and use. The paper presents the steps that
must be followed for modelling the impact behavior of composite materials, using finite element
analysis (FEM). The FEM model built using Deform 3D software offers information concerning
the behavior structure during impact. The behavior can be visualized for the structure as a whole
and, for different sections, be considered significant. Furthermore, the structure’s strain can be
visualized at any moment. In real impact tests, this is not possible due to the very short time interval
and the impossibility to record inside the structure, as well as to record all significant stages using
conventional means.

Keywords: FEM; impact behavior; composite materials; knitted fabrics

1. Introduction

Mechanical properties of textile reinforced composites are essential in applications
characterized by a high level of strains, and predicting their behavior during use is a
determinant for the design stage and ensures its quality. The complexity of textile structures
and geometries, their anisotropy and discontinuous nature make the process of modelling
mechanical behavior extremely difficult.

In terms of prediction, applied mathematics is used to define boundary conditions in
solving continuum mechanics. The scientific literature contains studies of applied physics
aimed at solving similar problems, but is directed to obtain continuous functions based on
approximated areas. Aerospace engineering researches focus on finding optimal ways of
expressing the influence of the rigidity coefficients. All these results can be summed up in
three distinct approaches and solutions, each expressing a different view on the same issue,
namely modelling the behavior of composite materials.

The term finite element method (FEM) defines a broad range of computing techniques
that have certain common characteristics. Currently the main drawbacks related to ap-
plication difficulties have been removed with the widespread use of computers and the
development of a large range of analytic software such as ANSYS, Algor or Deform 3D.
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In the textile domain, modelling using the finite element method has experienced an
accelerated growth in the last decade, most models predicting the mechanical behavior of
composite materials with woven reinforcement [1–5].

Even if they have a lower mechanical resistance, knitted fabrics are widely used
for composite reinforcement. The complexity of their specific geometry and the large
number of structural possibilities, as well as the direct influence of the mechanical strains
introduced during knitting at yarn level, led to the formulation of different geometrical
and mechanical models for knitted fabrics, each one based on different assumptions and
production conditions, and considered the micro, meso or macro level of the fabrics.
Mechanical models of knitted fabrics can be divided into models based on force analysis,
models based on energy minimization, and FEM models [6].

The situation is even more complicated in the case of knitted fabrics built along all the
three axes, the so-called 3D knitted fabrics, as it is not only the fabric structure that has to
be modelled, but also the 3D geometry of that fabric and its particularities in connection
between stitches.

This is the case of weft/warp knitted spacer fabrics, materials characterized by the
presence of (at least) two independent layers connected by yarns or by knitted layers [7,8].
Connection through yarns limits the spatial geometry of the 3D fabrics but is widely used
in technical applications, especially as warp knitted fabrics. A large range of possibilities
is offered by the flexibility of weft knitted spacers with connections through knitted lay-
ers [9–12]. Such possibilities are beneficial for developing preforms for composite materials
with the final shape of the product.

In the literature, there are fewer FEM models for the mechanical behavior of knitted
fabrics mainly due to the complexity of the yarn geometry in the stitches and the high
number of factors influencing their properties.

All FEM models are based on geometrical models developed for knitted fabrics
in general, there is an exhaustive review being carried out in this [13], or for knitted
fabrics for composite reinforcement, considering the particularities of high-performance
fibers [14–16]. These models concern mainly 2D knitted fabrics. Still, a literature survey
shows a limited number of models dealing with the mechanical behavior of warp knitted
spacers exemplified by [17–19], as well as weft knitted spacers [20,21]. The model proposed
by Hamedi [21], simulates the flexural behavior of weft knitted spacer fabrics with a
constant width (connected through knitted layers), considering the geometrical specificities
proposed by Vassiliadis [22].

The paper presents a different approach for the modelling of mechanical behavior of
composite materials reinforced with weft knitted spacer fabrics, by replacing the composite
with an equivalent continuous material, with similar mechanical characteristics. The
advantage of such an equivalence is given by the elimination of the numerical models for
the knitted structure with all their restrictions and limitations. Furthermore, an equivalent
continuous material can be placed easily to form the required specific geometry. This is an
innovative approach to modelling composites reinforced with knitted fabrics that simplifies
the behavior simulation. The approach requires careful consideration in determining the
characteristics of the equivalent continuous material to correspond to the properties of
real composite.

The equivalent model proposed in the paper deals with low velocity impact behavior
of a composite material reinforced with knitted spacers of predetermined geometry (dis-
tance between connecting layers and distance between independent layers). The proposed
model is described and used to predict impact behavior. Validation is carried out based on
experimental results to see the level of conformity the model presents.

2. Materials and Methods

The knitted reinforcement selected for this study is a sandwich fabric where the
independent outer layers (plain jersey) are connected through knitted layers placed perpen-
dicularly to them. The distance between the connecting layers is 10 mm. The samples were
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designed without or with inlay yarns in the exterior layers (yarns placed horizontally in the
fabric, without looping it into stitches). Inlay yarns are an efficient way to enhance fabric
strength. Figure 1 presents the production of the textile reinforced composite, starting with
the knitting of the reinforcement.
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spacer reinforced composite (e).

The 3D knitted fabric variants were produced on a STOLL CMS 320 TC flat knitting
machine, Reutlingen, Germany, gauge 10E. The fabrics were made of para-aramid (Steel
Kevlar and Twaron, DuPont, Wilmington, DE, USA) and technical natural yarns (Linen).
The use of natural fibers was designed so as not to affect the performance of the spacer
fabrics, and target an increase in sustainability. Different raw materials were used to
produce the outer and connecting layers, as presented in Table 1. The volume fraction of
the composite samples required to increase fabric compactness was obtained by introducing
transversal Twaron yarns.

Table 1. Characterisation of the experimental variants (weft knitted spacer fabrics).

Fa
br

ic

Outer Layers Connecting Layer

Yarn Type Layer Structure Yarn Linear
Density (Tex) Yarn Type Layer Structure Yarn Linear

Density (Tex)

1 Kevlar 49® Plain jersey 28 Kevlar 49® Plain jersey 28

2 Kevlar 49® Plain jersey 28 Linen Plain jersey 20

3

Kevlar 49® Plain jersey 28

Kevlar 49® Plain jersey 28
Twaron® Plain jersey

with inlay 6

4

Kevlar 49® Plain jersey 2

Linen® Plain jersey 20
Twaron® Plain jersey

with inlay 6

The 3D composite materials studied in this paper were produced using the 4 variants
of the spacer fabrics presented in Table 1 as performs, and epoxy EPICURE 04908, Hexion,
Columbus, OH, USA, and polyester DISTITRON 3501S, Polynt, Bergamo, Italy, as matrices,
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resulting in two sets of composites. The epoxy matrix had a mixing ratio of 30% EPIKURE
Curing Agent 04908 and 5% Dearing agent BYK A535, while for the polyester resin the
mixing contained 1.5% of initiator for unsaturated polyester resin NOROX MCP 75 and
0.08% polyester inhibitor NLC 10. The composite materials were processed using the
Vacuum Assisted Resin Transfer Molding (VARTM) technology. All experimental samples
were cured at room temperature (23 ◦C), the ones with epoxy matrix for 46 h and the ones
with polyester for 23 h.

The modelling of the behavior to low intensity impact of the composite materials has
to be based on the physical-mechanical properties of the reinforcement and matrix used for
composite materials. The experimental values obtained for these properties are shown in
Table 2.

Table 2. Physical mechanical characteristics of composite materials.

Structure Variant Polymeric Matrix

Kevlar–Twaron Kevlar–Linen
Epoxy Resin Polyester Resin

Row Wale Row Wale

Young module [N/mm2] 6376 30,411 6161 5513 2900 4000

Force [N] 2430.59 745.18 - -

Thread weight [g] 6.4 3.7 - -

Composite sample weight [g] 19.3 14 - -

Dimension of the impactor head [mm] 20

3. Definition of the Model

The general geometry of the composite material to be analyzed using FEM is defined
in Figure 2a, where the exterior walls and connecting layers form the repetitive element,
the partition.
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Taking into consideration the fact that a composite material is an advanced structure
made from at least two distinct materials that are combined at a macroscopic scale with dif-
ferent mechanical properties, a composite structure with equivalent mechanical properties
was considered.

Due to the specific 3D geometry of the composite, the equivalent continuous model
presents open areas with predefined dimensions, and, therefore, it is important to select
the position of the impactor used for low velocity impact test simulations in relation
to the connecting walls, as illustrated in Figure 2. We estimated that two positions are
of consequence: one illustrated in Figure 2b shows that the impactor is placed on the
connecting layers, while in Figure 2c the impactor is placed between connecting layers.
These two positions exemplify the possibilities of impact during composite’s life cycle.

The model was designed in a DEFORM 3D software, DEFORM, Columbus, OH, USA,
application and was meshed with “brick” or “tetrahedral” elements [23], as illustrated
in Figure 2d. The mesh size was adjusted from fine to coarse and the number of finite
elements was established at 180,000/volume.

The main steps to be taken in order to perform a finite element analysis can be grouped
into a number of operations, as follows:

• Division into finite elements (discretization);
• Defining interpolation functions;
• Defining the equations of finite elements;
• Assembling elementary equations into system equations;
• Solving the obtained system of equations;
• Performing additional calculations if necessary to determine secondary unknowns.

For model calibration an initial testing was carried out on similar composite materials.
A Fractovis Plus impact testing machine, Instron, Norwood, MA, USA, equipped with a
round head impactor and pneumatic clamping system was used to carry out the tests.

All physical pieces involved in the impact testing were modelled. The impactor
position on connection layer is presented in Figure 3a, while impactor position between
connection layers is presented in Figure 3b. The model of impactor head and structure of
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clamping plates is presented in Figure 4. The loading force and the processing speed were
experimentally determined based on the captured data using the Fractovis Plus impact
testing machine, illustrated in Table 3.
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Table 3. Working parameters.

Parameter Value Parameter Value

Impact Energy [J] 37.095 Carriage Mass [kg] 4.3

Impact Velocity [m/s] 3.835 Applied Mass [kg] 0

Impact Height [mm] 750 Total mass [kg] 5.045

Impact Point Offset [mm] 0.000 Support Type -

Extension Length [mm] 0.000 Support Diameter [mm] 20

Extension Mass [kg] 0.000

4. Results and Discussions
4.1. Simulation of the Deformation Process

The deformation of the model was processed using DEFORM 3D. The simulation
results in different steps of the action of the impactor on the 3D composite material is
illustrated in Figure 5a–d.
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It should be noted that in the previous figures not all the elements participating in the
process appear the way the impactor head acts, being presented in Figure 6.
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The simulation results were compared with those obtained after performing a real
experiment, as illustrated in Figure 7.
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The program provides information on the time frames for each deformation snapshot,
and about the characteristics of the process in that moment (work speed, force deformation,
the value of the impactor stroke, etc.), as illustrated in Table 4.

Table 4. Extracted information obtained from finite element analysis.

Step
No.

Mesh
No. Stroke Time (s) Load X

(DaN)
Load Y
(DaN)

Load Z
(DaN)

Speed X
(mm/s)

Speed Y
(mm/s)

Speed Z
(mm/s)

Volume
(mm3)

−1 1 0 0 – – – 0 0 0 61,478.8

5 1 0.892857 0.00357142857143 4.7649 1272.9 2.4996 0 250 0 62,600.4

10 1 1.78571 0.00714285714286 0.851317 1296.5 5.0737 0 250 0 62,600.5

15 1 2.67857 0.0107142857143 2.3586 1362.9 5.6681 0 250 0 62,600.5

20 1 3.57143 0.0142857142857 1.4461 1449.8 1.5543 0 250 0 62,600.5

25 1 4.46429 0.0178571428571 2.2943 1522.6 10.955 0 250 0 62,600.5

30 1 5.35714 0.0214285714286 101.61 1604.9 103.43 0 250 0 62,600.5

35 1 6.25 0.025 2.7895 1638 25.168 0 250 0 62,600.5

40 1 7.14286 0.0285714285714 124.62 1706.6 49.233 0 250 0 62,600.5

45 1 8.03571 0.031428571429 132.49 1830.6 47.951 0 250 0 62,600.5

50 1 8.92857 0.0357142857143 160.64 1565.8 20.883 0 250 0 62,600.5

55 1 9.82143 0.0392857142857 9.905 1932.3 4.7249 0 250 0 62,600.5

60 1 10.7143 0.0428571428571 181.59 2004.4 16.246 0 250 0 62,600.5

65 1 11.6071 0.0464285714286 149.33 2032.4 2.2658 0 250 0 62,600.5

70 1 12.5 0.05 140.42 2091.5 14.438 0 250 0 62,600.4

Figure 8 present the variation on the three axes of the displacement field on the
composite structure following the impact.
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The curves in the graphs, illustrated in Figure 8, represent the evolution of the dis-
placements in the direction of the specified axes in two points, considered P1 and P2,
arranged on the surfaces (point 1 is arranged on the upper surface and point 2 on the lower
surface). On the right side is the color legend of the displacements expressed in mm.

Figure 9 presents the variation on the three axes of the strain forces on the composite
structure following the impact.
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Finite element modelling and analysis is particularly important in the context of the
research conducted because it provides an impressive amount of information regarding the
studied process, namely the impact stress of the composite structure reinforced with textile
yarns. However, this information may be of no value if it is not continued and verified
with one or more experimental tests performed under conditions similar to those in which
the analysis was performed. These experiments will validate the finite element analysis,
and once it has validated several values (e.g., the level of forces in the system, working
speeds, process dynamics, etc.), it is assumed that all values, and implicitly the simulations,
have been validated.

4.2. Validation—Experimental Results

The results from the simulation were compared to the results obtained for the compos-
ite materials reinforced with spacer weft knitted U-shaped structures defined in Table 1.

Considering the results of the experimental low velocity impact tests for the samples
of composite materials defined in Table 1, it can be stated that the simulation with finite
elements was confirmed because the level of forces in the system (shown in the figures
above) at the simulation level corresponds as an order of magnitude, size, and approaches
as a value, the level experimentally determined. Thus, it is observed that we have as an
order of magnitude values of thousands of N (more precisely between 1200 and 2480 N,
as illustrated in Figures 10 and 11) for the force measured at an experimental level, and
variations from 1276 N to 2781 N in the case of the simulation performed.
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Furthermore, the experimental results show that the maximum level of displacement
is placed between 10 and 36.56 mm, depending on the structure and the material used. In
the case of the simulation, the values for virtual displacement vary between 27 and 37 mm.

It is observed that the intervals of variation of the forces in the system, and of the
displacements obtained experimentally and virtually are significantly close in order of
magnitude, and values which lead to the conclusion that the way the data were introduced
and the conditions imposed to obtain process simulation are correct. Existing differences
can be attributed to the characteristics imposed to the equivalent continuous material
used for the simulation, and these characteristics can be corrected in order to improve the
accuracy of the simulation.

Based on this, it can be stated that the simulation performed is confirmed by the
experimental results.

4.3. Comparative Analysis

The information provided by the simulation is more detailed than the experiment
itself. This information can be broken down into several areas.

A first information refers to the behavior of the structure during the impact stress.
This behavior can be viewed on the simulated structure in its entirety and, in different
sections, be considered relevant. Moreover, it can be seen how the structure is deformed at
different moments. This is not possible in reality because the time interval in which the
process takes place is very short, while the means of recording the image do not allow
access inside the structure. Furthermore, the short time in which the process takes place
leads to the impossibility of recording all the important phases by classical means.

From the deformation of the composite structure, two cases can be identified in which
the process takes place, depending on the position between the impactor head and the
composite structure:

• Case 1 results from the position of the axis of symmetry of the impactor head in relation
to the partition. In this situation the impactor head passes through the partition wall
(defined in Figure 2b).

• Case 2, the axis of symmetry of the impactor head passes between the partitions
(defined in Figure 2c).

The deformations of the structure in the two considered cases are illustrated in
Figure 12.
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Figure 12. Deformations of the structure in the two considered cases.

It can be remarked that the penetration time in the second case is shorter and also
the deformations are different in size. This phenomenon leads to the idea that the level of
forces of the unitary efforts are different in the two situations.

In addition to data on the deformed structure (which can be presented as a “record” of
the event), the simulation provides very important information on the field of displacement,
deformation, unit effort, as well as the deformation forces in the system at any given time
during the process presented in the form of a diagram. This phenomenon has been explicitly
presented previously.

Figure 13 presents the stress-effective efforts for both considered cases.
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Contrary to expectations, it is observed that the level of stress-effective effort in Case
2 is lower than in Case 1. It was assumed that in the second case, due to the fact that
there were two vertical walls on the direction of action, which offered a higher rigidity
and resistance, the level of effort would be higher. However, this can be explained by the
hemispherical shape of the impactor head. In Case 1, the first point of contact is made in the
direction of the partition wall which, during the whole process, is subjected to deformation,
generating great efforts. In the second case, the walls are on the sides of the impactor head.
Initially, the impactor head acts on the horizontal flat surface, which has a low resistance.
Subsequently, after the contact between the partition walls has been cancelled, the punch
will act on the partition walls.

Based on these considerations, it can be concluded that the arrangement of the com-
posite structure in relation to the impactor head has an influence on: the process times (a
shorter time in Case 2); the forces in the system (Case 2 requiring high values for the Y
axis direction, perpendicular to the structure, but much higher in the other two directions
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which leads to a lower resultant force); and the variation of the deformation speed on the
three axes for the two cases (presented in Figures 14–16).
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Another variable that is influenced by the relative position between the impactor head
and the composite structure is the size of the displacements of the structure, illustrated in
Figure 17.
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5. Conclusions

Modelling and finite element analysis are particularly important in the present re-
search context, providing an impressive amount of information regarding the impact
behavior of polymeric composites reinforced with knitted 3D sandwich fabrics. However,
this information has no value if not validated by one or more experimental tests carried
out in similar conditions to those under which the analysis was performed.

An FEM model was proposed in the paper, in which the ensemble knitted rein-
forcement and matrix is considered a continuous material with specific properties. This
equivalent material was used to build the model and to simulate low velocity impact
behavior.

This is a different approach than models presented in the literature as it eliminates the
complex and restrictive geometrical models of the knitted structures, especially difficult
and time consuming for 3D geometries and the specific connections between layers. The
model was developed using Deform 3D software, calibrated using the data from an initial
test carried out for all experimental variants.

The FEM model offered important information concerning the behavior structure
during impact, showing how the material reacts with the impactor, how it breaks and to
which level of stress. The simulation takes into consideration both situations in which the
composite can be impacted during use: the impact can occur perpendicular to a connecting
wall or between two connecting walls.

The behavior can be visualized for the structure as a whole and, for different sections,
be considered significant. Furthermore, the structure’s strain can be visualized at any
moment. This is not possible for the tests used for validation due to the very short
time interval, and the impossibility to record inside the structure, as well as to record all
significant stages using conventional means.

Apart from the information regarding the material deformation (that can be pre-
sented as a ‘movie’ about this event), important data are gained concerning the displace-
ment/strain/stress/effort, as well as the deformation forces for single moments during the
impact and a diagram of their evolution throughout the entire phenomenon.
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Abstract: The global demand for fiber-based products is continuously increasing. The increased
consumption and fast fashion current in the global clothing market generate a significant quantity
of pre-and post-production waste that ends up in landfills and incinerators. The present study
aims to obtain a new waste-based composite material panel for construction applications with
improved mechanical properties that can replace traditional wood-based oriented strand boards
(OSB). The new composite material is formed by using textile wastes as a reinforcement structure
and a combination of bi-oriented polypropylene films (BOPP) waste, polypropylene non-woven
materials (TNT) waste and virgin polypropylene fibers (PP) as a matrix. The mechanical properties of
waste-based composite materials are modeled using the Taguchi method based on orthogonal arrays
to maximize the composite characteristics’ mechanical properties. Experimental data validated the
theoretical results obtained.

Keywords: waste-based composite; panel; construction applications; textile waste; mechanical
properties

1. Introduction

Nowadays, the demand for textile products is experiencing exponential growth gener-
ated by both demographic indicators and the fashion industry. By increasing consumption
and fast-changing fashion trends in the global clothing market as a result of the new fast
fashion current, a substantial product life cycle shortening can be remarked. These aspects
generate increased amounts of post-consumer waste added to the initial pre-consumption
waste, which results during all technological flows of the processing industry of fibers,
fabrics, textile garments, interior textiles and technical textiles.

According to the analysis made by Boston Consulting Group [1] for the Copenhagen
Summit “Pulse of the Fashion Industry 2017” out of a total of 2.1 billion tons of waste pro-
duced worldwide annually 4%, representing 92 million tons, are produced by the fashion
industry. Over 35% of pre-consumption waste is generated in the primary processing phase
of the raw material, of which 9% is in fiber production and 91% in technological operations
of product manufacturing (spinning, weaving and manufacturing). This analysis also
shows that the processing and recycling of post-consumer textile waste are limited in
quantity and technology. In this case, 80% of post-consumer waste ends up in landfills and
incinerators, and only 20% is recycled or reused. All these details related to raw materials
are presented in graphic form in Figure 1.
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According to demographic statistics, in 2030, the world population will be about
8.5 billion persons, and the demand for clothing products is expected to increase from
60 million tons in 2018 by 63% to 102 million tons in 2030 with a significant environmental
impact [1].

From the perspective of textile products consumption per person in the industrial
countries, the demand in 2010 is at an average of 28 kg/person increasing in 2020 by 10%,
at 31 kg/person. Still, demand is growing by 51% in developing countries, from 7.9 to
12 kg/person [2–4].

To have a more precise image of the quantity and composition of the waste generated
by the textile industry, we will analyze the demand both by type of fibers (natural and
chemical) and on the proportion of each type of fibers within this industry. At the level of
the 2018 year, the amount of polyester fibers worldwide consumed far exceeded the other
types of chemical fibers and those of natural fibers (Figure 2). The share of synthetic fibers
is 62.2% and natural fiber 37.7%. From synthetic fibers total consumption, polyester has
over 51.5% of total demand. The percentage of fibers used for clothing is a significant share
of over 55% [5].
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It can be remarked that synthetic fibers have a growing share of the textile industry
market. A large part of them is directed to the fashion industry and interior products,
generating significant amounts of pre-consumption and post-consumption waste with a
very long degradation period. The global trend is to reduce the demand for natural cotton
fibers due to the negative impact on the environment. Considering that cotton production
consumes an estimated 16% of all insecticides and 7% of all herbicides [1,6], the global
trend is to reduce the demand for natural cotton fibers due to the negative impact on the
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environment. A significant part of this market share has been taken by eco-friendly cotton
and polyester fibers with similar characteristics [6,7].

The European Council adopted on 22 May 2018 the waste management package
of laws: Directive 2018/851 of the European Parliament and of the Council of 30 May
2018 amending Directive 2008/98/EC on waste, which lays down new rules on waste
management and new recycling targets. According to these directives, the member states
shall establish, by 1 January 2025, the separate collection of textiles and hazardous waste
from households [8].

The main methods used for textile materials recycling, according to Ellen MacArthur
Foundation [6,7], are classified as follows:

• Mechanical—textile waste is transformed into new products without changing the
basic chemical structure by cutting, shredding and defibrating the waste to the level
of fibers and transforming them into yarns and fabrics. It is closed-loop recycling with
the addressability of all types of fibers (vegetable, animal and oil-based). The new
products obtained are new yarns and non-woven materials. The qualities of the fibers
obtained are generally inferior to the virgin fibers used in the initial products.

• Chemical—textile waste is decomposed into monomers, oligomers or basic chemicals.
This form of recycling produces high-value products because they are identical to the
original constituents used in obtaining the products subject to recycling. In addition,
it addresses vegetable and oil-based fibers.

• Thermal—often refers to transforming PET flakes, pellets or chips into fibers by
extruding the melt. It is often confused with energy recovery by burning textile waste.

The recycling process often consists of a mixture of mechanical, chemical and thermal
processes in most cases. Examples are chemical recycling methods, in which, before
dissolution or depolymerization, in the case of cellulosic fibers or monomers/oligomers,
they are mechanically processed. This is similar to thermal recycling because the production
of flakes, pellets and chips from PET waste is carried out by mechanical means. To remove
paint pigments, additives and other impurities, chemical treatments are performed before
mechanical recycling [9]. The recycling process can be in a closed or open cycle, according
to the resulted product. For example, suppose the textile waste is converted into the same
type as the initial one. In that case, it can be affirmed that it is a closed recycling cycle by
recovering both components [10,11] or just the polyester polymer [12,13].

On the other hand, suppose the textile waste is converted into a new product with
a different destination. In that case, the recycling cycle is open, used to make thermal
insulation materials and sound-absorbing material for construction applications [14–16] or
composite materials with thermoplastic matrix [17–20]. In addition, they are found with a
reinforcing role in different applications for the realization of composite materials used in
various sectors [19–23].

Considering the low recycling rate of waste resulting from pre-and post-consumption
of textile products, the researchers are constantly looking for new environmentally friendly
recycling technologies [18,24,25] and new applications for waste-based textile products [26–28].
The general direction is to upcycle, to obtain new products with increased added value and
functionalities, but in general practice, the recycling of textile waste is downcycled [29,30].

The main objective of the completed research was to assess the possibility of reducing
the negative impact of the textile and building industries on the natural environment by
manufacturing a panel made of textile wastes that can be used for replacing the oriented
strand boards (OSB) in different civil engineering applications. The 8 mm OSB is the most
suitable construction product for comparison due to the fact that it is highly popular for
building interior non-structural walls in houses made by using the light timer framing
system. Therefore, the authors compared the analyzed textile waste product only with the
8 mm OSB, and thus, the composite product has the same thickness.
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2. Materials and Methods

To complete this research have been used unsorted and underrated textile pre- and
post-consumption wastes as reinforcement structure and bi-oriented polypropylene films
(BOPP) waste, polypropylene non-woven materials (TNT) waste and virgin polypropylene
fibers (PP) as the matrix.

The experimental work focused on producing textile-reinforced composite materials
entirely made from production and technological waste for both reinforcement structures
and matrices using thermoforming technology. This process is the adequate technology of
the product targeted in work due to its advantages: short technological flow; low costs; no
operations needed for sorting the textile wastes; elimination of the process of defibration of
the textile wastes, which is an energy-intensive operation.

The investigation work has been carried out using the Taguchi Design of Experiment
(DOE) method based on orthogonal arrays that use performance indicators, such as the
signal-noise (S/N) ratio, that simultaneously take into consideration the desired response
value (signal) and the variability thereof (noise) [31–33]. The DOE method aims to min-
imize the variability of the parameters reported to the noise factors and maximize the
variability reported to the signal factors. The main steps that were followed to complete
the experiment are:

• definition of system objectives—can be represented either by parameter optimization
either by reaching a minimum or maximum value. The deviation from optimum
performance is used to define the quality loss function;

• determination of parameters that influence the system and the specific levels of each;
• definition of the orthogonal array used in experimenting, according to the number of

parameters and their specific levels;
• implementation of experiment and collect the experimental data;
• statistically analysis and interpretation of obtained raw data;
• results validation.

Taking into consideration the main objective of the research, the S/N ratio has been
determined using the more significant, the better relation:

S
N

= −10 log(∑
(

1
Y2

)
/n) (1)

where Y = responses for the given factor level combination and n = number of responses in
the factor level combination.

The main signal parameters taken into consideration are represented by matrix type,
temperature, time, pressing force and matrix proportion. The specific levels of each are
presented in Table 1.

Table 1. Signal parameters selection.

Level Matrix Type Temperature ◦C Time [min] Pressing Force [N/cm2] Matrix Proportion [%]

1 BOPP 180 10 68 20

2 TNT 190 15 88 30

3 PP 200 20 108 40

4 BOPP + TNT 210 25 128 50

Symbol A B C D E

After analyzing orthogonal array models, the signal parameters and specific levels
of each have been deemed adequate for the L16 orthogonal array, presented in Table 2 in
coded (C) and uncoded (UNC) values.
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Table 2. Orthogonal array selection.

Experiment
Annotation

Matrix Type
(A)

Temperature [◦C]
(B)

Time [min]
(C)

Pressing Force [N/cm2]
(D)

Matrix Proportion [%]
(E)

C UNC C UNC C UNC C UNC C UNC

A1 1 BOPP 1 180 1 10 1 68 1 20

A2 1 BOPP 2 190 2 15 2 88 2 30

A3 1 BOPP 3 200 3 20 3 108 3 40

A4 1 BOPP 4 210 4 25 4 128 4 50

B5 2 TNT 1 180 2 15 3 108 4 50

B6 2 TNT 2 190 1 10 4 128 3 40

B7 2 TNT 3 200 4 25 1 68 2 30

B8 2 TNT 4 210 3 20 2 88 1 20

C9 3 PP 1 180 3 20 4 128 2 30

C10 3 PP 2 190 4 25 3 108 1 20

C11 3 PP 3 200 1 10 2 88 4 50

C12 3 PP 4 210 2 15 1 68 3 40

D13 4 BOPP + TNT 1 180 4 25 2 88 3 40

D14 4 BOPP + TNT 2 190 3 20 1 68 4 50

D15 4 BOPP + TNT 3 200 2 15 4 128 1 20

D16 4 BOPP + TNT 4 210 1 10 3 108 2 30

The waste-based composite materials panels were made using thermoforming tech-
nology, as illustrated in Figures 3 and 4. The used thermoforming press uses two plates
that can be electrically heated up to 250 ◦C and water-cooling systems. The main param-
eters that can be modified are represented by temperature (0–250 ◦C) and pressing force
(0–196 N/cm2).
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The mechanical properties of the obtained waste-based composite materials were
evaluated from a tensile and flexural point of view using the LBG TC10 testing machine
equipped with a 10kN load cell, taking into consideration the specifications of SR EN
300:2006 [34] and SR EN ISO 527-4:2000 standards [35]. For each sample, a series of five
tests were performed according to the standards mentioned above. In addition, the SR EN
300:2006 standard has been used to compare with 8 mm OSB boards.

The reduction by 20% of the distance between supports has been decided because
the samples subjected to flexure did not break. To record the maximum bending force in
60 ± 30 s, the speed test was set at 20 mm/min.

According to SR EN 310-1996, the bending strength of composite samples is calculated
as a ratio between the bending moment (at the maximum load Fmax) to the moment of its
full cross-section:

fm =
3Fmax

2bt2 (2)

where:

fm = bending strength [N/mm2];
Fmax = maximum load [N];
l1 = distance between the supports [mm];
b = width of the test sample [mm];
t = thickness of the test sample [mm].

According to SR EN 310-1996, Young’s modulus has been determined for each sample
using the following relation:

Em =
l3
1 x(F2 − F1)

4br2x(a2 − a1)
(3)

where:

l1 = distance between the supports [mm]
b = width of the test sample [mm];
t = thickness of the test sample [mm];
F2 − F1 = increasing the force, in newtons, on the straight portion of the load-deformation
curve. F1 is 10% of the breaking load, and F2 is 40% of the breaking load.
a2 − a1 = the increase of the arrow at the middle of the sample (corresponding to F2 − F1)

According to SR EN ISO 527-4:2000, the tensile strength has been automatically
determined using testing samples type 2, as illustrated in Figure 5.
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Figure 5. Mechanical properties testing (C9, C10, C11, C12): (a) tested samples; (b) compression testing; (c) stretch testing.

3. Results

The samples were produced according to the proposed experimental matrix, and the
density, bending, Young’s modulus and tensile strength were determined. The definition
of the signal and noise factors is followed by statistical analysis. The results are presented
in Table 3.

Table 3. Experimental design using L16 array and experimental results.

No. A B C D E
Density
[kg/m3]

Bending
[N/mm2]

Young Modulus
[N/mm2]

Tensile Strength
[N/mm2]

SNRA STDE MEAN CV

A1 1 1 1 1 1 936 4.7 239.0 3.95 15.66 440.89 295.95 1.49

A2 1 2 2 2 2 1104 19.8 865.9 12.04 26.27 567.89 500.47 1.13

A3 1 3 3 3 3 1283 33.0 1183.7 19.98 30.68 697.89 629.86 1.11

A4 1 4 4 4 4 1075 31.0 1253.1 20.19 30.59 661.27 594.78 1.11

B5 2 1 2 3 4 1065 32.4 1264.2 21.74 31.15 661.68 595.73 1.11

B6 2 2 1 4 3 1118 32.5 1256.9 19.25 30.40 673.04 606.65 1.11

B7 2 3 4 1 2 1220 31.4 1437.4 14.22 28.27 759.10 675.64 1.12

B8 2 4 3 2 1 1136 18.1 1333.8 8.45 23.70 710.05 624.21 1.14

C9 3 1 3 4 2 1024 14.7 948.6 10.56 24.69 562.93 499.42 1.13

C10 3 2 4 3 1 1051 15.6 1137.0 8.65 23.59 625.61 553.03 1.13

C11 3 3 1 2 4 1115 25.9 966.4 15.14 28.34 592.12 530.60 1.12

C12 3 4 2 1 3 1111 22.4 1079.7 12.28 26.66 622.47 556.28 1.12

D13 4 1 4 2 3 1216 35.2 1350.7 20.73 31.06 726.99 655.74 1.11

D14 4 2 3 1 4 1042 35.1 1397.5 23.19 31.75 702.65 624.53 1.13

D15 4 3 2 4 1 1106 21.2 1048.9 9.98 25.14 613.59 546.59 1.12

D16 4 4 1 3 2 1092 27.7 1257.3 13.78 27.85 669.76 597.83 1.12

The response resulting from Taguchi analysis revealed the significance of the signal
factors reported to the S/N ratio and the mean. The obtained regression results are
presented in Table 4, for the S/N ratio and in Table 5, for means. Combining the obtained
results from S/N ratio analysis and means analysis results in the classification of influence
level of the factors over the proposed model, presented in Table 6.



Materials 2021, 14, 6079 8 of 14

Table 4. Regression Information—S/N ratio.

Term Coefficient Standard Error Low Confidence High Confidence T [Value] p [Value]

Intercept 27.24 0.52 26.27 28.20 52.59 0.00

A [1] −1.44 0.90 −3.11 0.23 −1.60 0.15

A [2] 1.14 0.90 −0.52 2.81 1.27 0.24

A [3] −1.42 0.90 −3.08 0.25 −1.58 0.15

B: Factor 2 0.72 0.69 −0.58 2.01 1.03 0.33

C: Factor 3 1.33 0.69 0.03 2.62 1.91 0.09

D: Factor 4 1.10 0.69 −0.19 2.39 1.58 0.15

E: Factor 5 4.23 0.69 2.94 5.53 6.09 0.00

Table 5. Regression Information—Means.

Term Coefficient Standard Error Low Confidence High Confidence T [Value] p [Value]

Intercept 567.96 11.84 545.93 589.98 47.95 0.00

A [1] −62.69 20.51 −100.84 −24.54 −3.06 0.02

A [2] 57.60 20.51 19.45 95.75 2.81 0.02

A [3] −33.12 20.51 −71.27 5.02 −1.61 0.15

B: Factor 2 40.38 15.89 10.83 69.93 2.54 0.03

C: Factor 3 57.13 15.89 27.58 86.68 3.60 0.01

D: Factor 4 13.15 15.89 −16.40 42.70 0.83 0.43

E: Factor 5 43.23 15.89 13.68 72.78 2.72 0.03

Table 6. Classification of influence level.

Level Matrix Type
(A)

Temperature [◦C]
(B)

Time [min]
€

Pressing Force [N/cm2]
(D)

Matrix Proportion [%] €

1 25.8 25.64 25.56 25.58 22.02

2 28.38 28 27.3 27.34 26.77

3 25.82 28.11 27.7 28.32 29.7

4 28.95 27.2 28.38 27.7 30.46

Delta 3.15 2.74 2.81 2.73 8.43

Rank 2 5 3 4 1

By analyzing the regression results for S/N ratio and means, illustrated in Tables 4 and 5
and the response resulting from Taguchi analysis, presented in Table 6, the significance of
the signal factors reported to S/N ratio, and the means is:

• Maximum influence—factor E (matrix proportion);
• High influence—factor A (matrix type);
• High influence—factor C (time);
• Low influence—factor D (pressing force);
• Low influence—factor B (temperature).

The values obtained for the S/N ratio and means from Table 3 are graphically repre-
sented in Figures 6 and 7, and the interactions between factors are graphically represented
in Figures 8 and 9.
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The values obtained for the S/N ratio and Table 3 are graphically represented in
Figures 6 and 7. The interaction matrix for the S/N ratio and means are illustrated in
Figures 8 and 9. The S/N ratio has been calculated using the formula defined for larger,
the better case.

By analyzing the results obtained for the S/N ratio, the optimal combination of signal
parameters is A4 B2 C4 D3 E4, representing a composite material that uses the BOPP + TNT
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as matrix, a temperature of 190 ◦C, thermic treatment time of 25 min, 108 N/cm2 and 50%
Matrix proportion. By analyzing the results obtained for means, the optimal combination
of signal parameters is A4 B3 C4 D3 E3, representing a composite material that uses the
BOPP + TNT as the matrix, a temperature of 180 ◦C, thermic treatment time of 25 min,
pressing force 108 N/cm2 and 40% Matrix proportion.

From the S/N ratio point of view, it can be remarked that factor E has a low variation
on the 3rd and 4th levels. Still, according to means analysis made across the same levels,
the 3rd one has a high influence over the properties of the designed composite material.
Therefore, by combing the obtained results for S/N ratio and means analysis, the optimum
signal factors combination is A4 B2 C4 D3 E3, representing a composite material that uses
the BOPP + TNT as a matrix, a temperature of 190 ◦C, thermic treatment time of 25 min,
pressing force 108 N/cm2 and 40% Matrix proportion.

As shown in Figure 10, after applying the prediction method for the optimal model,
the S/N ratio is maximal reported to the S/N ratio obtained from statistical processing of
experimental data according to the Taguchi experiment matrix.
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This method can be used for predicting results characterized by different combinations
of the considered signal parameters.

4. Model Validation

For the determination of the accuracy of Taguchi analysis, model validation has been
made. In this case, model validation was made by performing several tests, taking into ac-
count the optimum levels previously determined of the defined signal parameters (Table 7).

Table 7. Mechanical properties of the obtained optimum model of the waste based composite material.

A B C D E Density [kg/m3] Bending [N/mm2] Young Modulus [N/mm2] Tensile Strength [N/mm2]

4 2 4 3 3 1112 34.8 1385.6 23.3

The mechanical properties of the obtained optimum model of the waste-based com-
posite material were evaluated from the tensile and flexural point, considering the specifi-
cations of SR EN 300:2006 and SR EN ISO 527-4:2000 standards.
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It can be remarked that the obtained results are maximum from a tensile strength
point of view, and lower with 5% from Young Modulus point of view (reported to A7
sample) and with 1% from Bending point of view (reported to A13 sample), but with a
density lower with 13% reported to the maximum value (A3 sample).

Considering that the waste-based composite material has been designed as an al-
ternative for 8 mm OSB boards, the obtained mechanical properties were compared to
the mechanical properties of the 8 mm OSB boards (Table 8). Therefore, the OSB board’s
mechanical properties, presented in Table 8, were determined according to SR EN 300:2006
and SR EN ISO 527-4:2000 standard specifications.

Table 8. Mechanical properties of the 8 mm OSB boards.

Testing Direction Density [kg/m3] Bending [N/mm2] Young Modulus [N/mm2] Tensile Strength [N/mm2]

Transversal 643 9.9 1499 2.26

Longitudinal 643 23.2 3427.7 5.68

The reinforcement structure into the designed waste-based composite material was
randomly arranged. Due to this fact, the mechanical properties are isotropic.

By comparing the mechanical properties of the designed waste-based composite
material to the ones of the 8 mm OSB boards, it can be remarked that:

• the tensile strength of waste-based composite material is higher with 1030.97% on the
transversal direction and 410.21% on longitudinal direction;

• the bending resistance of waste-based composite material is higher with 351.92% on
the transversal direction and 150% on longitudinal direction;

• the rigidity of waste-based composite material is lower with 8% on the transversal
direction and with 60% on longitudinal direction;

• the density of waste-based composite is higher at 173%.

5. Conclusions

The present paper aims at assessing the opportunity of improving the overall envi-
ronmental performances of the construction and textile industries by using various textile
wastes for manufacturing a panel that can be used as an OSB board replacement, with a
thickness of 8 mm, for assembling the interior non-structural walls in light timber frame
building. The novelty of this study resides in the combination of pre-and post-production
textile wastes used as reinforcement structure and bi-oriented polypropylene films waste
and polypropylene non-woven materials waste used as matrix.

The obtained results reveal that developing composite material panels for construc-
tion applications made from pre-and post-production textile material wastes to replace
traditional wood-based oriented strand boards is an efficient solution. In addition, the
mechanical properties of the new material are significantly higher than those of traditional
8 mm OSB boards.

The use of virgin polypropylene fibers as a matrix brings no advantage compared
to bi-oriented polypropylene films waste and polypropylene non-woven materials waste.
Therefore, the new waste-based composite material was validated based on experimental
results obtained by testing the resulting optimal model in similar conditions and comparing
the obtained results with the initial model and 8mm OSB board mechanical characteristics.
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The present work studied the influence of silane coupling agent in non-Newtonian fluid,

in  the impact resistance, adhesion and flexibility results. The results of stab performance

for  Kevlar samples impregnated with silane agent showed results significantly higher than

others samples non impregnated, such results are closely associated with the formation

of  siloxane bonds due to the coupling agent. The impact resistance properties of all sam-

ples were tested using drop tower testing, and the flexibility was testes beyond bending

angle test. SEM and FTIR analyses were used to verify the chemicals compositions and to

evaluate qualitatively the presence of nanoparticles samples. Abrasion test were realized

to  verify the influence of silane agent of the resistance adhesive of non-Newtonian fluid

under  samples. The Kevlar samples impregnated with STF and coupling silane presented

best flexibility (angle of bending = 30.33◦), a significant increase on the dissipation kinetic

(penetration depth) in comparing to the others and resistance adhesive of non-Newtonian

fluid under samples. Therefore, practically this property remained unalterable in relation to
Kevlar samples with STF and Kevlar control.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ent viscosity increases proportionally to the shear rate. This
behavior can be explained as follows: when the fluid is at rest,
1.  Introduction

A fluid is considered non-Newtonian when its viscosity is not
constant at a given temperature and pressure [1–3]. Instead,
the value depends on flow conditions such as the geometry,

rate and shear time, and the kinematic history of the sample.
The behavior of non-Newtonian fluid can be classified into
three categories: viscoelastic fluids, time dependent and time
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independent. Non-Newtonian fluids non-time dependent are
the field of this work. Those can be classified in Shear-thinning
or pseudoplastics, viscoplastics, and shear-thickening (STF)
[4]. STF’s are also known as dilatant materials and their appar-
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the liquid present in it, is sufficient only to fill the voids. As
the shear rate increases, the dense form of the solids breaks
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Fig. 1 – (a) Kevlar woven samples used in the study and

own and the material expands slightly causing an increase in
he void. Therefore, the available liquid is no longer sufficient
o lubricate the solid particles movement  and the resulting
olid-solid friction causes the stresses to increase rapidly, also
ncreasing the apparent viscosity [5]. The properties of SFT’s
as been taken in several studies on their use as reinforcement
f textile fibers applied to ballistic protection [6]. Wilson and

acob also used silica nanoparticles and verified the formation
f siloxane bonds during functionalization process, in addition
o a significant improvement in the shear rigidity, penetration
esistance and a slight increase in tensile strength. In spite
f this advance, fiber/STF adhesion, as in the case of Kevlar

®
,

as shown to be weak, requiring the use of a coupling agent
hat allows a better adhesion between organic and inorganic
ompounds. The silane compound is a type of coupling agent
hat can act on this adhesion because it increases the fric-
ion between the particles [7]. This work aims to study the
nfluence of silane agent on shear thickening fluid (STF) under

echanical properties of the composite for ballistic protec-
ion.

.  Materials  and  methods

or all experiments was used Kevlar 29 high-performance
oven fabrics, compound of Aramid (poly �-phenylene tereph-

halamide), taffeta 1 × 1 plain weave structure, 7 weft/cm and 7
arp/cm density, 375.0 ± 16 Tex count in both direction yarns,

nd 497 ± 25 g/m2 weight, as shown in Fig. 1.
The methodology applied was that as described in liter-

ture, with some adaptations. Shear Thickening Fluid (STF)
as prepared using 88% of ethanol, 6% of polyethylene gly-

ol 300 (by ISOFAR) and 6% of silica in size of 7 nm (AEROSIL
00 by EVONICK), underweight in constant stirring on a mag-
etic stirrer during 40 min. Initially, the solution was prepared
sing alcohol 99% purity (by ATRIOM), nanosilica and coupling
gent (3-Metacriloxipropiltrimetoxisilano by PROSIL) in 1.29%
oncentration by weight in a Becker under constant stirring
n a magnetic stirrer during 20 min. Followed by addiction of

olyethylene glycol and stirring for further 30 min. Finally, the

mpregnation process was made in a foulard using 0.5 bar at
oom temperature. Thereafter, the impregnated samples were
ried using an oven under 78 ◦C during 1 h.
Fig. 2 – Bending test setup.

2.1.  Bending  test

This test consists to deform the material at a midpoint
(13 mm),  causing a curvature or bending form on the surface
without fracture occurrence. This test is usually employed to
determine the flexibility of materials as shown in Fig.2. At first,
the sample tested (51 mm)  was loaded with a mass of 20 g, in
which it gave rise to an angle of curvature that in turn is men-
tioned in the literature as a measure of sample flexibility [8],
higher the angle, it indicates more  flexibility.

2.2.  Drop  tower  test

It was carried out in objective to measure the stab resistance of
the composite. Penetration tests were carried out using a S̈1′′

knife blade, based on NIJ-0115.00 [9], specifying the minimum
performance requirements for a material resistant to attack by
pointed and edged weapons [10]. The samples had been placed
in multilayer foam as described in Fig. 3a. To perform the knife
test, the knife blade S̈1′′ was assembled on a support, and then,
loaded with a mass of 3.34 kg corresponding to 13 Joule Fig. 3b.

The depth penetration in the sample was calculated leading
to consider the length knife cut in the witness papers in each
layer penetrated by the knife blade S̈1′′.
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Fig. 3 – (a) Multilayer foam representation and (b) drop tower test.

us (b) horizontal wettability (c) wettability image.
Fig. 4 – Adhesion test illustration. (a) Apparat

2.3.  Adhesion  test  (Martindale)

For adhesion test, were used a process similar to “Martin-
dale” method ISO 12947. The tests were carried out, applying
2000 cycles of Lissajour movements, with 0,5 Kpa pressure
on the samples (Kevlar control, Kevlar with STF and Kevlar
with STF and coupling agent) [11]. However, the tests were
stopped every 1000 cycles, in order to measure the adhesion.
The adhesion of samples was calculated using a solution of
methylene blue dye (1 g/L) and a micropipette (10 �l). Every
stop, the samples were subjected to the apparatus shown in
Fig. 4a, that consists in to qualify, by horizontal wettability

(Fig. 4b) according to the adhesion of the STF under the fabric
surface samples, after friction cycles. Therefore, it will have
greater adhesion the sample that presents wettability with
Fig. 5 – Increase mass of the samples after impregnation.
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Fig. 6 – SEM analyses for the samples studied. (a) Kevlar control; (b) Kevlar with STF; and (c) Kevlar with STF and coupling
agent.

Fig. 7 – FTIR results for unmodified STF (Kevlar control).
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Fig. 8 – FTIR results for samples with STF only
4036  j m a t e r r e s t e c h n

greater stability throughout the cycles (the wettability of each
sample was calculated using a photography and the software
Image J as shown on Fig. 4c).

3.  Results  and  discussions

Results obtained for samples with STF and coupling agent
shows higher increase of mass on surface in comparison to
others, as shown on Fig. 5. This evidenced that the use of
silane agent favours the greater quantitative efficiency of non-
Newtonian fluid in the samples.

The samples were analysed by SEM as shown on Fig. 6. The
results show higher concentration of silica on surface on the
samples with STF and coupling agent when in comparison to
others.

Fig. 7 shows obtained FTIR curves for pure Kevlar control
sample without any treatment, while the curves shown in
Figs. 8 and 9 show high energy transmittance peaks, espe-
cially for the sample modified with non-Newtonian fluid STF
and coupling agent silane (Fig. 9) respectively. The increase
of siloxane bands and the presence of new functional groups
were perceptible for both samples studied.

As shown in Fig. 9, the peaks shown at 1720 and 1637 cm−1

are attributed to carbon stretch vibrations C O and vinyl
stretch vibrations C C, respectively, indicating high frequency
bonds belonging to the silane bond groups [12–14]. The peaks
shown at 2957 cm−1 and 2894 cm−1 correspond to bands of
stretching vibrations of alkyl groups (CH2 and CH3) which can
be attributed to polyethylene glycol and silane agent. These
peaks occur due to the functionalization of the silica particles
and indicate the formation of new bonds [15,16].
The peak between 1073 cm−1 at 1380 cm−1 represents silox-
ane (Si O Si and Si OC vibrations) which occurring naturally
on silica. The samples modified with silane agent showed
waves number on a larger scale and with greater intensity,

Fig. 9 – FTIR results of modified STF with couplin
(Kevlar + STF).

indicating stronger links [17,18]. Thus, Kevlar samples with
STF and silane agent, exhibited high siloxane binding peak, as
shown in Fig. 9, promoting a significant increase in siloxane
bonds and higher concentrations when in presence of higher
amount of nanoparticles in the sample as shown in Fig. 6c, in
addition, adhesion (Fig. 10) and best flexibility (Fig. 11) results,
as well as depth of penetration results as shown in Fig. 12.

The wettability analysis shows that the more  STF fluid on
the surface sample is the more  wettable. This analysis was
carried out according to the different cycles in the martindale
(1000 and 2000 cycles), in order to observe if Kevlar control,
Kevlar with STF and Kevlar with STF + coupling silane pre-
sented a difference in FTS adhesion on the surface fabric.
Curves shown on Fig. 10 show that the samples with STF and
coupling agent showed higher adhesion of the STF on fiber

surface when in comparison to others. The increase in the
number of strong siloxane chemical bonds due to addition of
the silane agent promoted a significant increase in adhesion,

g silane (Kevlar + STF and Coupling silane).
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Fig. 10 – Adhesion test (Mar

his is directly associated to the durability and efficiency of
urface modification.

Results for bending and drop tower tests were taken and
hown in Figs. 11 and 12, respectively. The Fig. 12, shows
learly the samples of Kevlar with STF presented low flexibil-
ty (angle of bending = 20◦) in comparing to the others (Kevlar
ontrol and Kevlar with STF and coupling silane), it shows
learly that the coupling agent stabilized the flexibility sam-
les. The Fig. 12 shows the penetration depth test results for

ll samples studied the flexibility of the sampled samples
as modified Kevlar control, Kevlar with STF and Kevlar with
TF + coupling silane. Thus, the bending angle of the Kevlar
ith STF + coupling silane samples was higher when com-

Fig. 11 – Bending for al
le) for all samples studied.

pared to the Kevlar with STF sample. Showing that the Kevlar
sample with STF + coupling silane Kevlar control were more
flexible than Kevlar with STF.

According to the results taken, we could conclude that
the Kevlar with STF and coupling silane showed significantly
less penetration depth (mm)  than those Kevlar control (49%)
and Kevlar with STF (32%) samples. This can be explained
because the sample that presents the use of silane agent, has
a greater distribution of impact kinetic energy, dissipating it

layer by layer in a gradual behavior. This also shows that upon
receiving the impact the sample dissipates the energy over the
layers, propagating the smallest portion of the impact to the
ballistic panel user, as shown in Fig. 12. The depth of penetra-

l samples studied.
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Fig. 12 – Penetration depth

tion of drop tower test as a function of layers of witness paper.
It was obtained that all the samples impregnated with STF
(Kevlar control, Kevlar with STF and Kevlar with STF + coupling
silane) were compared with the standard sample. In this way,
they exhibited significant penetration depth performance and
in the behavior of absorption and dissipation (layer to layer of
witness paper) of impact energy.

4.  Conclusions

In this study, STF was prepared using submicron SiO2 parti-
cles spherical of silica dispersed into Polyethylene Glycol (PEG)
and prepared with the addition silane agent. The silane cou-
pling agent addition provided strength increase in the shear
thickening response. It reveals improvement in the impact
energy absorption, significant increase in adhesion, promotes
an increase in the number of chemical bonds, as well as, higher
peaks, indicating stronger bonds of siloxane, thereby reduc-
ing penetration depth, increasing the flexibility in relation to
the other samples (Kevlar control and Kevlar with STF). This
demonstrates that the use of Silane Coupling agent promotes
greater improvement of performance of ballistic penetration
resistance of personal protective composites panels.
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INTRODUCTION
A 3D shaped knitted fabric is produced using the spa-
tial fashioning technique. These kind of fabrics are
characterised by a 3D geometry that is based on a
3D solid with regular or irregular shape. Until now, the
researchers focused more on the shape modelling
than on the modelling of the section and fashioning
lines [1]. To ensure a proper definition of the 3D knit-
ted fabrics, both section lines of the 3D body and the
fashioning lines of the 3D shaped knitted fabric must
be defined [2, 3, 4]. Fashioning lines have usually two
components: one with a decreasing direction and
one with increasing direction. The final 3D shape is
obtained through the union of these lines according
to their specific parameters (line increment and stitch
dimension). Taking into account the particularities of
the knitted fabrics, the fashioning lines are formed by
varying the number of stitches knitted in each row.
Section lines, given by the 2D develop of the 3D solid
are represented by continuous lines: straight (with
constant increment) or curved (with variable incre-
ment). A fashioning line, given by the 2D develop of
the fabric plan is segmented, being compounded by
multiple line segments [1], as illustrated in figure 1.
Because the fashioning lines are not continuous
lines, as it is the case with the section lines, they are

quantified using the line increment Δr and Δa, repre-
senting the number of rows, respectively needles by
which the line varies at each step. The basic element
is the knitted stitch and its dimensions – the stitch
pitch and height. The fashioning line can be therefore
considered as a polygonal line that follows the stitch-
es in the knitted fabric. Due to the nature of these
lines (the section line is continuous while the fash-
ioning line is segmented) the equations that define
them will differ.

Mathematical correlation between section lines in 3D shapes
and fashioning lines in 3D knitted fabrics

SAVIN DORIN IONESI MARIANA URSACHE
LUMINITA CIOBANU

REZUMAT – ABSTRACT

Corelații matematice între liniile de secțiune ale corpurilor 3D și liniile de conturare din tricoturile
cu geometrie tridimensională

Tricoturile 3D prezintă un potențial deosebit pentru aplicații tehnice complexe, cunoscând în ultimele decenii o
dezvoltare semnificativă. Prima etapă în proiectarea tricoturilor conturate spațial este reprezentată de trecerea de la
planul de secțiune al corpului 3D la planul tricotului. Din punct de vedere matematic, liniile de secțiune ale oricărui corp
3D sunt continue, astfel putând fi definite cu precizie. Tricoturile însă sunt alcătuite din ochiuri cu anumite dimensiuni,
care trebuie avute în vedere atunci când se definește modelul matematic al segmentelor din liniile de conturare drepte
sau curbe. Lucrarea prezintă o metodă de definire a incrementului vertical, respectiv orizontal ale liniilor de conturare,
bazată pe aproximarea erorilor dintre liniile de secțiune continue și liniile segmentate din planul tricotului. 

Cuvinte-cheie: model matematic, linii de secțiune, linii de conturare, aproximarea erorilor

Mathematical correlation between section lines in 3D shapes and fashioning lines in 3D knitted fabrics

3D shaped knitted fabrics present a very good potential for complex technical applications and have known a significant
development in the last two decades. In order to design a 3D-shaped knitted fabric, the first step to be followed is
represented by the transition from the 2D solid evolutes of the geometric shape to the fabric plan. Mathematically, the
section lines for each type of 3D shapes are continuous and they can be accurately defined. However, knitted fabrics
are made of stitches of certain dimensions that must be taken into consideration when defining the mathematical models
of the straight or curved fashioning line segments. The paper presents a method to define the vertical and horizontal
increment of a fashioning line, based on the error approximation between the continuous section lines and the
segmented lines in the fabric plan.

Keywords: mathematical model, section lines, fashioning lines, error approximation
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Fig. 1. Aspect of fashioning lines:
a – straight and b – curved

a                                         b



In order to ensure a correct definition of the narrow-
ing and widening steps, which are given by the line
increment Δr and Δa, a strictly correlation between
section lines in 3D shapes and fashioning lines in 3D
knitted fabrics must be made. When this correlation
is made, between these lines occur differences that
influence the number of stitches that must be pro-
duced in a row in order to obtain a certain dimension.
To solve this problem the surface of the 3D shape
develops bordered by the fashioning line must be
determined. 
For rectangular knitted panels (when the length and
width of the panel are known) the surface and the
necessary number of stitches can be easily deter-
mined. For knitted fabrics with irregular shape (fig-
ure 2) that are defined by a curved fashioning line (as
illustrated in figure 1b) a difference or error will occur

between fashion -
ing and section
lines. Initially this
error can be prac-
tically approximat-
ed but if an exactly
shape is required
rigorous solutions,
represented by
the inte gral calcu-
lus and approxi-
mation, must be
applied. The inte-
gral calculus con-
sists in finding the
numerical approx-
imation for the
surface S [5].
If the y = f(x) sec-
tion line curve is
consider on [0,1]
interval the inte-
gral surface of the
f(x) function on
the given interval
is represented by
the integral area
of f and is noted
1

∫√x dx. The error
0

approximation has been carried out using 5 and 12
steps, as illustrated in figure 3. It can be remarked
that if a higher number of approximation steps is
used the error between the section and fashioning
line is smaller. 

ERROR APROXIMATION METHODS
Several techniques for approximating the definite
integral can be used [4] to approximate the errors
that occur between the fashioning and section lines,
so that the surface of the knitted fabric, the number of
stitches, the narrowing and widening steps are accu-
rately determined:
• Rectangle rule (also called midpoint rule);
• Trapezoidal rule;
• Simpson’s rule.

Rectangle rule
The rectangle method (also called the midpoint or
mid-ordinate rule) computes an approximation to a
definite integral, made by finding the area of a collec-
tion of rectangles whose heights are determined by
the values of the function. The rectangle rule offers
three possible solutions, as illustrated in figure 4:
• The left rule uses the left endpoint of each subin-

terval;
• The right rule uses the right endpoint of each

subinterval;
• The midpoint rule uses the midpoint of each

subinterval.
For the error approximation of a knitted fabric fash-
ioning line specific geometry the best suitable
method is represented by the right rule, which use
the endpoint of each interval. For the yi=f(xi) function,
with ∆Dxi = hi = ∆ai, the error approximation is given
by the following relations:
• Left rule

b

∫ f(x)dx = ∆a1h1y0 + ∆a2y1 + ... + ∆anyn–1 + Rn (1)
a

• Right rule
b

∫ f(x)dx = ∆a1y1 + ∆a2y2 + ... + ∆anyn + Rn (2)
a
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Fig. 2. Numerical integration

Fig. 3. Error approximation for
y = f(x) function with 5 and

12 steps

Fig. 4. Error approximation using the rectangle rule
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• Midpoint rule
b                  n ∆ai–1 + ∆ai∫ f(x)dx = ∆ai f (                 ) + Rn            (3)

a i=1 2

where: ∆a is the horizontal increment, h – the hori-
zontal step and Rn – error approximation.
The vertical increment ∆r must be defined in order
to complete the calculus of the fashioning line.
Generally, the vertical increment can be 1, 2 or 3
courses. When the vertical increment is set up the
technical limitations of the knitting process should be
considered.

Trapezoidal rule
The trapezoidal rule works by approximating the
region under the graph of the function f(x) as a trape-
zoid and calculating its area, as illustrated in figure 5.
On [xi,xi+1] = [∆ai, ∆ai+1] segment the trapeze is deter -
mined by the (∆ai, 0) (∆ai+1, 0) extremities of the seg -
ment on OX axis and by the (∆ai, f(∆ai)) (∆ai+1, f(∆ai+1))
f(x) function values in the extremities. The error
approximation is given by the following relations:

b          n f(∆ai–1) + f(∆ai)∫ f(x)dx =  hi                        + Rn (4)
a i=1 2

b – ah =         = ∆a,   xi = a + ih,   i = 0...n       (5)n
Where: ∆a is the horizontal increment, h – the hori-
zontal step and Rn – error approximation.

Simpson’s rule
In contrast to the trapezoidal rule, which uses the lin-
ear interpolation method (the approximation is made
using straight), the Simpson’s rule use quadratic
polynomial parabolic interpolation (figure 6). One
derivation replaces the integrand f(x) by the quadrat-
ic polynomial P(x) which takes the same values as
f(x) at the end points a and b and the midpoint
m = (a + b) / 2. Due to this reason the precision of this
method is superior to rectangle or trapezoidal rule. 
The error approximation is given by the following
relations:

b ∆a∫ f(x)dx ≈       [f(∆a0) + 4 f(∆a1) + 2 f(∆a2) + ... + 
(6)a

+ 2 f(∆an–2) + 4 f(∆an–1) + f(∆an)] + Rn

where: ∆a is the horizontal
increment and Rn – error
approximation.

ERROR APROXIMATION
USING SIMPSON’S
RULE
When considering the cor-
respondence between
section lines and fashion-
ing lines, equivalence
between the continuous
surface of the 3D body

and the discontinuous fabric made of stitches must
be made. The most suitable method used to deter-
mine the error between the section and fashioning
lines is represented by the Simpson’s rule. 
An application has been developed using different
browser – supported programming languages in order
to define fashioning lines of a 3D fabric. The interface
and computations was carried out in PHP and
JavaScript combined with a mark-up language
(HTML). The designed application allow the users to
determine the errors using the Simpson’s method
and the line increment Δr and Δa, according to the
bordering function.

Fig. 5. Error approximation using
the trapezoidal rule

Fig. 6. Error approximation using
the Simpson’s rule

Fig. 7. Error determination for the first example
f(x) = sin (x) + 1.5

Fig. 8. Narrowing and widening steps for
f(x) = sin (x) + 1.5

3
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Two cases have been illustrated for two different func-
tions corresponding to fashioning lines with vari able
increment: f(x) = sin (x) + 1.5 and f(x) = cos (x) + 1.5. 
The program calculates the error based on
Simpson’s rule (figures 7 and 9) and it determines the
distribution of stitches along the fashioning lines
within the knitted fabric (figures 8 and 10). The stitch
distribution is determined based on the stitch dimen-
sion (height and width) according to the intended fab-
ric density. In figures 8 and 10, the lighter areas cor-
respond to needles not working in the knitting
programme.

CONCLUSIONS
The 3D shaped knitted fabrics that are produced
using the spatial fashioning technique have a good
potential for technical applications. In order to pro-
duce such a fabric it is necessary to ensure the cor-
relation between the 3D shape of the solid and the
2D develop of the knitted fabric. Also the errors that
occur between the section and fashioning lines must
be determined in order to define the widening and
narrowing steps specific for the fashioning technique.
The most suitable method that can be used for error
determination is represented by Simpson’s rule
because it allows a smooth approximation between
section and fashioning lines.
An application was developed to determine the distri-
bution of stitches along the fashioning lines with vari-
able increment corresponding to the section lines of
3D solids. In both cases that were presented (f(x) =
= sin(x) + 1.5 and f(x) = cos(x) + 1.5) it must be
emphasised that the errors decrease with the
increase of the number of intervals considered.Fig. 10. Narrowing and widening steps for f(x) = cos (x) + 1.5

Fig. 9. Error determination for the second example
f(x) = cos (x) + 1.5
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The use of fibre reinforced concrete is well documented and the advantages of such materials in civil engineering refer to 

improved mechanical strength, improved concrete ductility and increased durability. The literature presents numerous 

studies concerning the subject. Some of them reveal the ecological trend of replacing cement with waste by-products such 

as silica, fly ash and slag. In this context it is of interest to study how the fibre reinforcement contributes to the mechanical 

behaviour of these recyclable composites. It is also important to see how the fibre characteristics affect the mechanical 

properties of the concrete. The paper presents an optimization study that considers the fibre length and the fibre percentage 

in the mix as independent variables. The output variable is the flexural strength. The experiment was carried out according 

to the experimental matrix and the data was processed using DOE++. A mathematical model for the flexural strength was 

obtained based on the ANOVA analysis. The model was validated. The response surfaces indicate that the optimum areas 

(maximum flexural strength) correspond to the maximum values of the input variables. The position of the area of maximum 

in the response surfaces indicate that the output variable can be further increased. Due to processing problems related 

especially with the percentage of fibres in the mix, only the fibre length was increased, while maintaining the fibre 

percentage to 1%. The results confirm the improvement of the flexural strength over the limit suggested by the experimental 

matrix.  
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1. Introduction 
 

The use of glass as reinforcement material for 

concrete started in the 1960s. Researches up to date 

showed that the reinforcement of concrete with fibres 

leads to the absorption of the internal strains caused by the 

local variation in temperature, the drying and the initial 

contractions of the concrete element [6, 9, 10, and 11]. 

In Romania, the study of the fibre reinforced concrete 

is well developed by the civil engineering specialists, as it 

was recognised as an efficient way of improving 

mechanical behaviour.  

The glass fibre reinforced concrete has numerous 

applications, such as: ornamental structures, wells, 

decorative elements, prefabricated panels, façade 

elements, domes, prefabricated elements, etc. 

Further researches on the fibre reinforced concrete 

refer not only to the improvement of static strength, but 

also to the control of the cracking process, the 

improvement of concrete ductility, energy absorption 

characteristics and resistance to impact and to temperature 

variations [5, 7, 8]. Currently, the R&D trend is the 

production of concrete with elements that partially replace 

the cement, such as fly ash and slag. Such materials satisfy 

the increasing need for environment protection by 

adopting the so called no waste technologies [12, 13, 15, 

and 16]. Mineral components such as silica, slag and fly 

ash are commonly used as additives or cement 

replacements. They increase the density of the composite, 

reduce its porosity and improve the durability of the 

element. The partial replacement of the Portland cement 

was initiated in the 1960s and in the following decades 

[12, 13, 14, 15, and 16]. It cuts down the production costs 

and also the level of pollution caused by its processing 

Almost all studies in the literature concerning this 

subject are not considering the possibilities offered by the 

fibre characteristics and the influence these characteristics 

can present on the concrete composites. Glass fibres 

(filaments) are not introduced as such in the composite. 

They are obtained by cutting glass yarns to preset length 

and therefore the properties of these yarns are very 

important as well as the knowledge of how the yarn 

segments are distributed within the concrete composite. 

The paper has two objectives: the characterisation of 

the influence of the glass fibres in a composite with 

concrete with fly ash matrix and the optimization of the 

characteristics of these fibres – fibre length and fibre 

percentage in the mix – so that the material reaches the 

maximum its mechanical behaviour. The paper considers 

the flexural strength as the output variable reflecting the 

mechanical behaviour. It shows a part of a larger research 

that includes other mechanical properties of the glass fibre 

reinforced concrete materials. 
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2. Materials and methods 
 

2.1. Experimental matrix 

 

In order to solve the problem considered for the study 

– optimization of the use of glass fibres in composites with 

concrete and fly ash matrix – the advantages and 

disadvantages of the existing methods for the experiment 

design were reviewed. The nature of the problem lead to 

the selection of a central composite design that allows the 

identification of the optimum areas by generating response 

surfaces using the experimental data. This type of 

experiment guaranties the precision of the results and the 

validity of the conclusions drawn from these results.  

The experiment has two input variables: the fibre 

length (x1) and the percentage of glass fibre in the mix 

(x2). These variables were identified as significant to the 

mechanical strength of reinforced concrete. The output 

variable is the flexural strength of the concrete composite. 

In this experiment the optimum areas for the output 

variable correspond to the maximization of the flexural 

strength.  

The coded and natural values for the input variables in 

the experiment are presented in Table 1. 

 
Table 1. Coded and natural values for the input variables 

 

No. Variables Coded variable -1.414 -1 0 1 1.414 

1. Fibre length [mm] x1 
Natural 

variable 

5 10 20 30 35 

2. 
Fibre percentage 

[%] 
x2 0.25 0.5 1 1.5 1.75 

 

The variation of each variable was carefully 

considered; the selection of the variation interval is based 

on the review of literature and on practical experience in 

producing concrete mixes. Table 2 presents the resulting 

experimental matrix. According to this matrix, a number 

of 13 runs are carried out randomly, on samples of glass 

fibre reinforced concrete, with different combinations of 

fibre length and fibre percentage in the mix. 

 
Table 2 Experimental matrix 

 

Run 

Input variables 
Mass of 

cut fibre 

[g] 

Coded variables Natural variables 

x1 x2 
Fibre length 

[mm] 

Fibre percentage 

[%] 

1 -1 -1 10 0.5 319 

2 -1 +1 10 1.5 956 

3 +1 -1 30 0.5 319 

4 +1 +1 30 1.5 956 

5 +1.414 0 35 1 637 

6 -1.414 0 5 1 637 

7 0 +1.414 20 1.75 1116 

8 0 -1.414 20 0.25 159 

9 0 0 20 1 637 

10 0 0 20 1 637 

11 0 0 20 1 637 

12 0 0 20 1 637 

13 0 0 20 1 637 

 

2.2. Characterisation of the glass fibres 

 

The study was carried out using glass fibres rovings, 

linear density 2400 tex. The yarns were tested to determine 

their tensile behaviour, the experimental data being 

presented in Table 3. The tests were carried out on a 

SATRA STM 466 testing machine, according to ASTM 

D2256 [3]. For the calculus of the Young’s modulus and 

strength, the cross section of the glass roving was 

considered to be rectangular.  

 
Table 3. Mechanical characteristics of the glass roving. 

 

Yarn 
Breaking 

force [N] 

Breaking 

elongation [%] 

Young’s modulus  

[N/mm
2
] 

Strength 

 [N/mm
2
] 

Glass  

2400 tex  
704.1 3.02 16058.61 201.17 
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The glass rovings were cut to the specified 

dimensions, according to the experimental matrix.  The 

corresponding values of the mass of the cut fibres were 

calculated based on the mass of the testing samples and the 

value of the second variable (x2).  

The introduction of the fibres in the mix made for the 

concrete with fly ash created some problems related to 

processing. These problems referred to the phenomena of 

fibre floating (when mixing), fibre clogging and fibre 

snagging (in the concrete composite) [2]. These problems 

affected the uniformity of the fibre distribution in the 

concrete samples and measures were taken to eliminate 

them, by modifying the mixing process.  

 

2.3 Testing of the glass reinforced concrete  

       samples  

 

The tests were conducted according to SR EN 12390-

4: 2005 [4], on 550x50x50 mm prisms of glass fibre 

reinforced concrete. The samples were tested using a 

hydraulic press. The force required for complete breaking 

was measured. Fig. 1 shows how the samples were tested 

and their aspect after breaking.   

 

 
a) while testing 

 

 
b) after testing 

 

Fig. 1. Testing for flexural strength. 

 

The test results showed that the presence of glass 

fibres improves the way the reinforced concrete samples 

break. If for the samples of concrete the breaking is 

sudden (the so called catastrophic breaking), the 

reinforcement with glass fibres slows down the fracture 

process by generating cracks in the concrete before the 

destruction of the sample. These cracks determine a 

gradual breaking process, indicating an improved 

behaviour for the reinforced concrete element.  

The analysis of the cross section of the samples of 

glass fibre reinforced concrete offered information on the 

degree of dispersion of the fibres in the concrete mix. The 

first observation is that the fibres are distributed uniformly 

and without preset directions in the matrix, as exemplified 

in Fig. 1.b.  

Another observation is that the cut fibres do not lose 

their integrity, maintaining the initial bundle, even if the 

concrete penetrates between individual fibres, as 

illustrated in Fig. 2. Therefore, the dimensions of bundle 

of fibres (reflected by the yarn/roving fineness) influence 

the distribution of the glass fibre in the concrete mix.  

 

 
 

Fig. 2. Cross section of the concrete prism after testing. 

 

 

3. Results and discussions 
 

The experimental results regarding the flexural 

strength of the glass reinforced composites with concrete 

and fly ash matrix are presented in Table 4. 

 
Table 4. The values of the flexural strength according to the 

experimental matrix. 

 

 
Variables Flexural strength 

[N/mm
2
] x1 x2 

1 -1 -1 3.54 

2 -1 +1 3.36 

3 +1 -1 2.74 

4 +1 +1 4.18 

5 +1.414 0 3.91 

6 -1.414 0 3.98 

7 0 +1.414 4.32 

8 0 -1.414 3.89 

9 0 0 3.95 

10 0 0 4.12 

11 0 0 3.92 

12 0 0 3.97 

13 0 0 3.93 
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3.1. Statistical processing of the experimental data 

 

The statistical processing of the experimental data was 

carried out using DOE++ that allows the plotting of the 2D 

and 3D response surfaces and the determination of the 

areas of maximum for the output variable (flexural 

strength). The interactions of the two input variables were 

determined based on the extreme and average 

experimental values. The relevance of the model was 

considered for two levels of confidence - L1 (90%) and L2 

(70%). 

An ANOVA analysis was carried out using the 

experimental data. It shows that the linear and quadratic 

effects have a significant influence on the model for both 

levels of confidence. The regression equation giving the 

mathematical model for the flexural strength is: 

 

𝑌 = 3.932 + 0.2737𝑥1 + 0.5738𝑥2 − 0.1575𝑥1𝑥2 −

0.2954𝑥2
2                                                  (1) 

 

The response curves obtained for the output variable 

have as optimum value (the point of absolute maximum) 

the point corresponding to the coordinates: x1= 30 mm 

and x2 = 1.5% representing the highest values considered 

for both variables. In this case, the maximum corresponds 

to a combinations of factors considered in the 

experimental matrix. The flexural strength for this point is 

4.18 N/mm
2
, representing an increase of 33.3% in 

reference to the witness sample (concrete with fly ash). 

The positions of the response curves in Fig. 3 suggest 

the importance of the second parameter – the percentage 

of fibres in the mix. This fact is also confirmed by the 

interactions matrix presented in Fig. 4. The matrix shows 

that the effect of the first independent variable (the length 

of the fibres) is not as strong as the effect of the second 

variable on the flexural strength.  

 

 
 

 
Fig. 3. 3D response surfaces for the flexural strength. 

  

 
 

Fig. 4. Interactions of the experimental matrix. 

 

The 2D response surface illustrated in Fig. 5 indicates 

more clear the position of the point of maximum. 

Furthermore, this graphic show that the plot area of 

maximum is not completely placed inside the surface 

defined by the experimental matrix.  
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Fig. 5. 2D response surfaces for the flexural strength. 

 

Considering the influence of the length of the fibre on 

the flexural strength of the composite with concrete 

matrix, this can be seen for all values of the second 

variable (fibre percentage in the mix), but it grows for 

fibre percentages higher than 1%. The graphs suggest that 

an increase of the fibre length could be beneficial for the 

mechanical behaviour of the concrete elements (flexural 

strength).  

For the lower fibre percentages (0.25% and 0.5%), the 

strength is decreased in reference to the witness - approx. 

25% less for the concrete variant corresponding to Run 8 

(x1 = 20 mm and x2 = 0.25%) and approx. 12% for the 

concrete variant corresponding to Run 1 (x1 = 10 mm and 

x2 = 0. 5%). It is interesting to emphasise that in the case 

of 0.5% fibre in the mix, when increasing the fibre length 

to x1 = 30 mm, the flexural strength improves in reference 

to the witness with approx. 15%.  

Of course, the increase of the two variables must be 

considered taking into view the problems related to the 

processability of the concrete mix that were mentioned 

above [2]. This means that there will be certain limits to 

the fibre length and fibre percentage due to the difficulties 

related to the mixing of the glass fibres with the concrete. 

It can be concluded that the flexural strength is 

controllable through a combination of both factors. The 

strength can be increased either by the use of higher length 

for the fibres and a lower percentage in the mix, or by 

maintaining lower values for the cut fibres (20 mm seems 

to be the inferior limit) and increasing the fibre percentage.  

 

3.2. Validation of the mathematical model 

 

The mathematical model resulting from the 

experimental data must be validated. As mentioned above, 

the point of maximum was determined for a pair of input 

variables from the experimental matrix, in natural values 

x1 = 30 mm and x2 = 1.5%. The experiment (run 4) was 

repeated and the experimental data obtained were similar 

to the calculated data.  

Furthermore, the possibility of improving the flexural 

strength by increasing the fibre length over the range 

considered in the experimental matrix was studied. Other 

three length values for the cut glass fibres were used to 

determine the flexural strength, namely 45, 50 and 60 mm, 

while the percentage of fibres in the mix was kept at 1%. 

This way, the problems related to processability were 

eliminated. Table 5 shows the values obtained for the 

flexural strength in the case of the higher values for the 

fibre length. 

 
Table 5. Flexural strength for the chosen fibre lengths. 

 

Caracteristici fibră Rezistența la 

încovoiere 

(N/mm
2
) 

Lungime de 

fibră (mm) 

Procent de 

fibră (%) 

35 1 4.29 

45 1 4.35 

50 1 4.41 

60 1 4.5 

 

The experimental data confirms that the point of 

maximum in the experimental matrix was correctly 
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determined, but also that the flexural strength of the glass 

fibre reinforced concrete with fly ash can be further 

improved by using higher length for the cut fibres. The 

graph from Fig. 6 presents the variation of the flexural 

strength with the fibre length, considered for the extended 

interval, from 5 mm to 60 mm. For all values, the fibre 

percentage was maintained constant to 1%. For 

comparative purposes, the graph also shows the flexural 

strength of the witness - concrete with fly ash. 

 

 
 

Fig. 6. Variation of flexural strength with the fibre 

length, for 1% percentage of glass fibre in the mix. 

 

The flexural strength can be improved up to 50%. The 

possibility of increasing the fibre percentage must also be 

considered, but such high values for the fibre length 

presented the risk of processing problems that can affect 

the uniformity of the composite.  

The graph also shows that the strength increases 

significantly in the range included in the experimental 

matrix (up to 35 mm). The increase of strength from 35 

mm up to 60 mm fibre length is not as steeped and 

suggests that this length approaches the limit of its 

practical interval. 

 

4. Conclusions 
 

The paper presents the modelling of the mechanical 

behaviour of glass reinforced concrete with fly ash, in 

view of the recent researches for improving the strength of 

the building elements made with waste materials.  

The paper aims at optimizing the characteristics of the 

glass fibres used in the concrete mix, considering the fibre 

length and the fibre percentage in the mix as the 

independent variables. An experimental matrix based on a 

composite experimental design was defined. The output 

variable is the flexural strength. 

The experimental study allowed drawing practical 

conclusions on the way the glass fibres influence the 

processability of the composite with concrete and fly ash 

matrix. The observations made during processing 

confirmed the variation intervals chosen for the two 

variables. It was observed that a higher fibre percentage, 

combined with higher fibre length caused problems 

regarding the distribution of the fibres in the composite 

and its strength.  

The experimental data was processed and response 

surfaces were obtained. These surfaces indicate the 

followings: 

 The optimum value (the point of maximum) is 

obtained for the maximum values of the input variables 

(code values x1 = +1 and x2 = +1) 

 The second variable x2 (percentage of fibres in the 

mix) presents the strongest influence on the flexural 

strength; the influence of the first variable (fibre length) is 

more visible when the fibre percentage increases. 

 For both variables, the lower part of their variation 

intervals are not improving the flexural strength. The 

strength is significantly improved starting with 20 mm 

length and 1% fibre in the mix. 

The experiment was validated by testing in the point 

of maximum (that coincided with a run from the 

experimental matrix). The practical results confirmed the 

model. Furthermore, the position of the area of maximum 

shown by the response surfaces suggests that another 

increase in both variables can further improve the flexural 

strength of the concrete composite. Considering the 

processing problems encountered while producing the 

samples, it was preferred to increase the fibre length, while 

maintaining the fibre percentage to 1%, a value that 

ensured optimum processing. The experimental results 

confirm the improved flexural strength and suggest that a 

length of 60 mm approaches the limit to which the 

mechanical behaviour can be increased.  

The tests also showed the importance of the yarn 

fineness on the distribution in the concrete mix and 

subsequently on its strength. 
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Technical textiles are high performance textiles
with increased functionality that are produced pri-

marily for their functional characteristics and techni-
cal performance rather than for their aesthetic or dec-
orative properties which are less or not important. 
The applicability of composite materials reinforced
with technical textile structures in engineering has
grown exponentially in recent decades. A composite
material is an advanced structure made from at least
two distinct materials that are combined at macro-
scopic scale. The applications where textile rein-
forced composites are suitable cover an extremely
wide range of domains – from buildings [1], to indus-
trial applications [3], [7], to protective equipment [6]
or even medical products. 
Composite materials are primarily a suitable choice
for producing light-weight structures due to their excel-
lent weight/stiffness and weight/ ratio properties. The
mechanical properties of composite materials are
influenced by the mechanical properties of matrix,
producing technology, properties of reinforcement

preforms, adhesion between matrix and reinforce-
ment preforms and fibre volume fraction.
Composite preforms refer to textile materials that can
be obtained by knitting, weaving, braiding and non-
woven technologies. In order to select the optimal
technological process for producing composite per-
forms both strengths and weaknesses of each must
be taken into account. The potential and the use of
3D knitted fabrics for technical applications are docu-
mented throughout literature [4]. Knitted preforms
present the advantages of a superior mass/resis-
tance ratio, low implementation time, low amount of
resulting wastes and better control of the final shape
and the quality of the product.
The sandwich fabrics with connection through knitted
layers (single or double) are characterized by a com-
plex geometry, for which the shape and dimensions
of the cross section depend on the connecting layer
[4]. The shape of the connecting layer can be differ-
ent, varying from rectangular to elliptic, V shaped,
trapeze etc. 

Evaluation of impact behaviour of composite materials using
Taguchi method

SAVIN DORIN IONESI CĂTĂLIN DUMITRAȘ
RAUL FANGUEIRO MARIANA URSACHE
LUMINIȚA CIOBANU IONUȚ DULGHERIU

REZUMAT – ABSTRACT

Evaluarea comportamentului la impact al materialelor compozite, utilizând metoda Taguchi

Studierea comportamentului la impact al materialelor compozite este mare importanță, având în vedere solicitările
dinamice la care sunt supuse acestea pentru diverse aplicații. Materialele compozite ranforsate cu structuri tricotate
tridimensionale au o largă utilizare în domeniul articolelor tehnice. Principalele lor avantaje sunt reprezentate de
formabilitatea foarte bună, anizotropia controlată și un raport optim între masă și rezistență. În lucrare sunt analizate
materiale compozite avansate, ranforsate cu structuri tricotate tip sandwich, cu diferite dimensiuni ale celulei, realizate
din Kevlar și Twaron, fire de in și o matrice termorigidă. Comportamentul la impact de intensitate redusă al materialelor
compozite ranforsate cu structuri tridimensionale, tricotate din bătătură, a fost modelat prin metoda Taguchi, în scopul
optimizării caracteristicilor semnificative pentru acest tip de impact. Rezultatele obținute în urma modelării au fost
validate prin studii experimentale.

Cuvinte-cheie: materiale compozite, impact de intensitate redusă, metoda Taguchi

Evaluation of impact behaviour of composite materials using Taguchi method

Impact behaviour is a major target in designing advanced composite materials because composites are often used in
applications which imply dynamic loads. Composite materials reinforced with 3D knitted fabrics present a wide range of
applications in the technical field. Their main advantages refer to excellent formability, controlled anisotropy and good
mass/strength ratio. The paper considers advanced composite materials reinforced with sandwich fabrics with various
cell sizes, made of Kevlar, Twaron and linen yarns, and thermoset matrix. Low velocity impact behaviour of composite
materials reinforced with 3D weft knitted fabrics is modelled using the Taguchi method based on orthogonal arrays, in
order to maximize the composite characteristics significant for this type of impact. The results obtained through Taguchi
analysis are validated by experimental data.

Key-words: composite materials, low level impact, Taguchi method
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The principle of producing sandwich fabrics requires
knitting the two independent layers, and then the
connecting layers while the outer layers production is
stopped. The recommended needle selection for knit-
ting the outer and connecting layers is 1:1.
In order to obtain composite materials different tech-
niques can be used:
– embedding of reinforcement material in a matrix,

that can be represented by a macromolecularsub-
stance or a colloidal solution or suspension with
coagulation properties;

– reinforcing the matrix with layers of reinforcement
materials, resulting a laminate composite.

In the last decades a significant research effort has
been made to study the impact behaviour of com-
posite materials with textile reinforcements. Several
researchers [2], [8], [9] have studied the problem by
examining the material properties before and after
the impact. Impact load can be classified [9] in low,
medium, high and hyper velocity, according to the
impactor speed, as presented in figure 1. The effects
of low impact velocity have gained importance in real
life situations, such as bird hits, tool drop or contact
with other materials that can cause internal invisible
damage, irremediably affecting the mechanical prop-
erties of composites. 

Up to now, the evaluation of impact behaviour of
composite materials reinforced with sandwich weft
knitted fabrics has been made through the classical
methods that involve varying one parameter at a time
and keeps the rest of them constant. These methods
require a large number of experimental samples, are
time consuming and do not provide information regard-
ing the interactions between parameters. In order to
solve these problems, Taguchi method was designed
based on the concept of orthogonal arrays. Although
Taguchi method was successfully applied in many
fields, such as chemical engineering, electronics,
genetic algorithm, so far it has not been widely used
in textile areas. 
The statistically based Taguchi method was used to
identify the importance of factor designs and to sug-
gest an optimized design that can produce the opti-
mal impact resistance for composite materials rein-
forced with 3D sandwich knitted fabrics.

DEVELOPMENT OF 3D COMPOSITE MATERIALS

The experimental work focused on the production of
U shaped sandwich knitted preforms, presented in
figure 2. The 3D knitted fabrics were programmed on

a Sirix station and produced on Stoll CMS 320 TC
weft flat knitting machine, gauge 10E. 
The outer layers are knitted independently on select-
ed needles. When initiating the connecting layer the
even needles are inactive, when knitting the outer
layer the uneven needles receive a tuck loop that
binds the outer and connecting layer together. After
finishing the final row in the connecting layer, the
stitches are transferred on the uneven needles of the
opposite bed, ensuring the sandwich fabric integrity.
The knitting of the outer layers restarts. The cell
height depends on the number of rows in the outer
layers, while the cell width is determined by the num-
ber of rows in the connecting layer.
The outer layers were made using Kevlar-Inox and
Twaron yarns and for connecting layers linen and
Kevlar-Inox yarns were used. The fabric compact-
ness, required to increase the volume fraction of the
composites, was improved by inserting Twaron
yarns, as illustrated in figure 3. 
The 3D composite materials studied in this paper
were produced using epoxy EPICURE 04908 resin
as matrix and Vacuum Assisted Resin Transfer
Moulding Technology (VARTM). The composites
were cured at room temperature (23ºC). The mixing
ratio of the matrix had 30% EPIKURE Curing Agent
04908 and 5% Dearing agent BYK A535. Table 1 pre-
sents the main characteristics of the resin used.
The final aspect of composite materials reinforced
with weft knitted sandwich preforms is exemplified in
figure 4. All knitted fabrics and composite materials
were produced at University of Minho, Portugal.
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Fig. 1. Impact classification

Fig. 2. U shaped sandwich knitted fabric

Fig. 3. Production of sandwich fabric



EVALUATION OF IMPACT BEHAVIOUR USING
TAGUCHI METHOD

The experimental matrix contains two input variables,
one at four levels and the other at two levels, as pre-
sented in table 2. The selection of the signal factors
was carried out so that the studied process can
achieve the expected performance and have a mini-
mum sensitivity to noises. The current study targeted

the influence of signal parameters on the impact
resistance of advanced composite materials.
The first two columns of table 3, noted A and B rep-
resent the signal factors (structure and cell dimen-
sion), while the following two, noted N1 and N2 are
the noise factors (impact resistance of composite
materials). Signal to noise ratio (noted S/N ratio) is a
measure used in science and engineering that com-
pares the level of desired signal parameters to the
level of background noise parameters.
The main purpose in applying the S/N ratio is to find
the optimum combination of signal parameters that
influence the system so that the S/N ratio is maxi-
mized. This way, these parameters become system
control factors [5]. The S/N ratio can be determined
for the following cases:
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Fig. 4. Composite material with 3D textile reinforcements – aspect of outer and connecting layers

a                                                                          b

Table 1

Table 3

Table 2

PRINCIPAL CHARACTERISTICS OF EPOXY
EPICURE 04908 RESIN

Properties Unit Epoxy
Epicure
04908

Viscosity at 25°C Mpa.s 10
Density g/cm3 1.15
Tensile strength MPa 74
Tensile strain % 9.4
Tensile modulus MPa 2 900
Flexural strength MPa 112
Modulus in flexure MPa 3 100
Water absorption after 24 hours,
23°C pbw 0.18

Water absorption after 168 hours,
23°C pbw 0.432

SIGNAL FACTORS SELECTION

Levels Structure Cell
dimension

1 Kevlar 10 x 10 mm
2 Kevlar/Linen 10 x 15 mm
3 Kevlar/Twaron -
4 Kevlar/Twaron/Linen -

Symbol A B

EXPERIMENTAL DESIGN USING L8 ARRAY AND EXPERIMENTAL RESULTS

Experiment A B N1 N2 Mean
Standard
deviation

S/N ratio

1 2 2 1 419.35 1 395.68 1 407.515 16.7372 62.9681
2 3 1 891.22 964.08 927.65 51.5198 59.3276
3 3 2 1 161.28 1 076.5 1 118.89 59.9485 60.957
4 4 2 1 170.29 1 054.69 1 112.49 81.7415 60.8907
5 2 1 2 430.59 2 385.23 2 407.91 32.0744 67.6316
6 1 2 1 181.29 1 225.12 1 203.205 30.9925 61.6025
7 1 1 1 245.3 1 287.35 1 266.325 29.7338 62.0473
8 4 1 2 024.49 1 998.21 2 011.35 18.5828 66.0692



● smaller the better
S    = – 10 log (s2 + y2) (1)
N

● nominal is the best

S                  y2        1    = 10 log [(     ) –    ] (2)
N                 s2        n

● larger the better

S                        = – 10 log [÷ y2 (1 + 3s2 ⋅ ÷ y2 )] (2)
N

where: 
s is standard deviation;
y – nominal value; 
y – average of determined values;
n – number of runs.
After the analysis of orthogonal array models, the sig-
nal parameters and their specific levels, L8 orthogo-
nal array has been considered adequate. After defin-
ing the signal and the noise factors, the statistical
analysis and determination of the mean, standard
deviation and S/N ratio can be carried out, as shown
in table 3. The S/N ratio has been calculated using
the formula defined for larger the better case.
The significance of the signal factors reported to S/N
ratio is given after performing the Taguchi analysis.
The classification of influence level, presented in
table 4, is: maximum influence – the factor A (knitted
structure) and minimum influence – the factor C (cell
dimension). 
The results that were obtained after the statistical
analysis for S/N ratio and mean was performed are
graphically represented in figure 5 and figure 6.

The optimal combination of signal parameter in order
to obtain the higher value for S/N ratio is A2B1, mean-
ing a composite material reinforced with Kevlar-Inox
and Twaron yarns and a cell dimension of 10 x 10 mm.

MODEL VALIDATION

In order to determine the accuracy of Taguchi model
that was presented normal probability plot was drawn
(fig. 7). It can be noted that the residual values distri-
bution reported to the median is normal.
The reliability of presented model was also confirmed
by performing a number of experimental tests taking
into account the intervals for the defined signal
parameters. Samples have been tested at low veloc-
ity impact using an Ceast Fractovis Plus 2 000 test-
ing machine, an impactor with hemispherical head
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RESPONSE TABLE FOR S/N RATIOS 
LARGER IS BETTER FORMULA

Level A B
1 61.82 63.77

2 65.3 61.60

3 60.14 -

4 63.48 -

Delta 5.16 2.16
R5 ank 1 2

Table 4

Fig. 5. Main effects plot for S/N ratio

Fig. 6. Main effects plot for means

Fig. 7. Normal probability plot

Fig. 8. Force displacement curves



with diameter of 20 mm and an impact height point of
750 mm according to ISO 6603 and ISO 7765 stan-
dards. The more significant results are graphically
exemplified in figure 8.
From the graphical analysis of the experimental sam-
ples, Taguchi results correspond to the experimental
results. The level of forces in the system determined
through testing corresponds to variant A2B1, defined
in the Taguchi analysis and presents the maximum
value – 2 430.59 N.

CONCLUSIONS

Composite materials reinforced with sandwich U
shaped knitted fabrics with various cell dimensions

and epoxy resin were manufactured using VARTM
technique. The low velocity impact behaviour has
been evaluated. 
The orthogonal array was defined based on structure
composition and cell dimension as signal parameters
an impact resistance of composite materials as noise
factors. The best results have been obtained for a
composite material reinforced with Kevlar-Inox and
Twaron yarns and a cell dimension of 10 x 10 mm.
The model was validated based on experimental
results obtained by testing sandwich composites pro-
duced with similar parameters in similar technical
conditions.
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Analysis of low velocity impact behaviour of aramid-linen 
fibre reinforced composites using Taguchi method 
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Impact damage is a major target in designing advanced composite materials reinforced with 3D knitted structures because 
composites are often used in applications which imply dynamic loads. 3D knitted fabrics present a large range of 
applications in the technical field, including advanced composites. Textile reinforcements are known for their unique 
combination of light weight, controlled anisotropy, formability and flexibility, as well as their strength and toughness. Epox y 
and polyester composite materials reinforced with sandwich knitted fabrics made of Kevlar

®
, Twaron

®
 and linen yarns are 

developed in the paper. Low velocity impact behaviour of composite materials reinforced with 3D weft knitted fabrics is 
modelled using the Taguchi method based on orthogonal arrays, in order to maximize the composite characteristics 
significant for this type of impact. The theoretical results obtained were validated by experimental data. 
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1. Introduction 
 
A composite material is an advanced material 

compound from two or more distinct materials that are 
combined at macroscopic scale. Composites are materials 
that are choice for designing light-weight structures due to 
their excellent weight/strength and weight/stiffness 
properties and may be subjected to low velocity impacts.  

The applicability of textiles in engineering has grown 
exponentially in the recent decades. These materials are 
known as technical textiles and they are used for: 
transport, geotextiles, civil engineering, road construction, 
aerospace, military, medical, sports equipment, protective 
clothing, etc. Composite materials with textile 
reinforcements represent one of the most significant 
domains of use [8].  

Advanced composite materials are based on textile 
fabrics with complex forms that are very different from the 
traditional ones, being used together with plastics, glass, 
films, and paper [2]. 

In the last decades a significant research effort has 
been made to study the impact behaviour of composite 
materials with textile reinforcements. Several researchers 
[11] [16] [17] have studied the problem by examining the 
material properties before and after impact. 

According to Padaki et. all [16] impact phenomena 
has been classified into low velocity impact, if the 
impactor speed is under 0.25 km/s, medium velocity 
impact, if the impactor speed is between 0.25 and 2 km/s, 
ballistic impact if the impactor speed is between 2 and 12 
km/s and hyper velocity impacts when impactor speed is 
higher than 12 km/s. 

Carbon – graphite reinforced composites materials are 
widely used due to their high specific stiffness and 
strength. Vulnerability of carbon – epoxy composites to 

low velocity impact has been proved by the significant 
reduction of mechanical properties. 

Hosur [10] reported that carbon – epoxy composites 
failed under impact loading through partial penetration. 
Gustin [9] studied the carbon and Kevlar  woven sandwich 
composites. He observed that carbon fibre composites 
have relatively low impact properties but these can be 
improved by adding Kevlar fibres on face sheet. The 
addition of Kevlar fibres increases the impact forces by 
approximately 10%. Akin [5] and Mahapatra [14] and 
Mathivanan [15] have documented efforts over the past 
years in order to study the behaviour of glass fibres 
reinforced composites and notes that the system response 
depends on the elastic properties of the fibre material. At 
an impact velocity lower than 0.1 km/s there was a 
catastrophic failure of composites and perforation of 
laminates has been observed. 

Textile sandwich fabrics are used as 3D performs for 
advanced composite materials. A sandwich fabric, woven 
or knitted, represents a three-dimensional construction 
made of two independent layers connected together 
through other connecting layers. The sandwich fabrics 
with connection through knitted layers (single or double) 
are characterized by a complex geometry, for which the 
shape and dimensions of the cross section depend on the 
connecting layer [3] [7]. The shape of the connecting layer 
can be different, varying from rectangular to elliptic, V 
shaped, trapeze, etc. Their advantages include high 
specific strength and stiffness, corrosion resistance, 
tailorability, stability and very good impact resistance. 

The survey of literature conducted presented no 
mention regarding the low velocity impact behaviour of 
knitted sandwich fabrics.  

The optimization of mechanical properties of 
composite materials reinforced with 3D sandwich knitted 
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performs was carried out by classical method [1]. These 
one involves varying one parameter at a time and keeping 
the other ones constant. These procedures are time 
consuming, require a lot of experimental samples and do 
not provide information regarding the interactions between 
the parameters, costing too much time and money.  

In order to solve these problems, Taguchi method was 
designed based on the concept of orthogonal arrays. 
Although Taguchi method was successfully applied in 
many fields, such as chemical engineering, electronics, 
genetic algorithm [4, 18, 20, 21], it is not widely used in 
textile areas [12-14].    

The statistically based Taguchi method was used to 
identify the importance of factor designs and to suggest an 
optimized design that can produce the optimal impact 
resistance for composite materials reinforced with 3D 
sandwich knitted fabrics. 

 
 
2. Materials and methods 
 
2.1 Materials 
 
In order to complete this research para-aramid (Steel 

Kevlar and Twaron) and technical natural yarns (Linen) 
were used. 

Para-aramid fibres are the choice for any products 
used to improve impact behaviour, but they are rather 
expensive. Currently, the trend is to use Kevlar fibres in 
combination with other raw materials that are less costly. 
For this research Steel-Kevlar yarns were chosen for their 
multi-functionality (steel allows for conductivity/EM 
shielding). Linen is a technical fibre that is cheap and 
presents acceptable tensile characteristics.   

Physical and mechanical properties characterisation 
was carried out by studying the tensile strength, according 
to ISO 2062/1993 test standard and using a Housenfield 
H10 KS testing machine with following configuration: 
• force cell of 5 kN 
• pretension of 0.18N for Steel – Kevlar yarns, 
0.25N for Linen yarns and 0.85N for Twaron yarns.  
• Testing speed: 250 mm/min. 
• Clamping distance: 250 mm 

The experimental data that were obtained are 
presented in Table 1. For all of them has been calculated 
tenacity, Young modulus, breaking force and extension 
according to ISO 2062/1993 standard specifications. 

Fig. 1 presents the effort elongation curves for Steel-
Kevlar, Twaron and Linen yarns that were tested in 
standard conditions. The Twaron yarns have a very high 
elasticity modulus, around 23 times higher than elasticity 
modulus of Steel-Kevlar and Linen yarns.  

Twaron yarns are also characterised by a very small 
elongation at break and high breaking force. Their   Young 
modulus is 46.48 N/tex, indicating high forces at low 
elongations, while, in comparison, the linen yarn’s Young 
modulus is only 1.941 N/tex and the steel Kevlar is 1.693 
N/tex. If the values for Young modulus are similar for the 
last two yarns, the corresponding elongations are 
extremely different – the linen yarn has a high elongation 

(at low forces), while the steel Kevlar yarn presents a low 
elongation at similar forces.  
 

Table 1 Characteristic values for tensile. 
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Max 316 1.881 48.47 3.912 
Cv 5.84 5.84 2.68 5.6 

 
 

 
 

Fig. 1. Effort elongation curves. 
 

All tests were made at University of Minho, 
Portugal 

 
2.2. Development of knitted reinforcement 
 
The experimental work focused on the production of 

U shaped sandwich knitted fabrics. The 3D knitted fabrics 
were produced on STOLL CMS 320 TC flat knitting 
machine, gauge 10E. The raw material for the outer and 
connecting layers was different, as presented in Table 2.  

All fabric variants were produced at University of 
Minho, Portugal. 

The fabric compactness, required to increase the 
volume fraction of the composites, was improved by 
introducing transversal Twaron yarns, as shown in Fig. 2.  
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Table 2 Raw materials used for producing sandwich fabrics 

 

Fa
br

ic
  Outer layers Connecting layer 

Yarn type 
Linear 
density 
(tex) 

Yarn type 
Linear 
density 
(tex) 

1 Kevlar 49® 28 Kevlar 49® 28 
2 Kevlar 49® 28 Linen 20 

3 
Kevlar 49® 28 

Kevlar 49® 28 
Twaron® 6 

4 
Kevlar 49® 2 

Linen® 20 
Twaron® 6 

 

 
 

Fig. 2. Production of sandwich fabric (machine view). 
 

 
 

Fig. 3. Connecting and outer layer aspect 
 

Fig. 4 presents the 3D sandwich knitted fabrics that 
were obtained using Kevlar® and linen yarns (fabric 
variant 1 and 2). 
 

  
a) Fabric variant 1 b) Fabric variant 2 

Fig. 4. U-shaped sandwich knitted fabrics 
 

2.3 Development of composite materials  
 
The 3D composite materials studied in this paper were 

produced using 3D knitted fabrics as performs and epoxy 
EPICURE 04908 and polyester DISTITRON 3501S as 
matrices. The composite materials were made using the 
Vacuum Assisted Resin Transfer Moulding (VARTM) 

technology. Table 3 presents the principal characteristics 
of the resins. 

 
Table 3 Properties of epoxy and polyester resins. 

 
Property Unit Epoxy 

Resin 
Polyester 

resin 
Viscosity at 25 °C Mpa.s 10 150 

Density g/cm3 1.15 1.07 
Tensile strength MPa 74 65 
Tensile strain % 9.4 2.0 

Tensile modulus MPa 2900 4000 
Flexural strength MPa 112 110 

Modulus in flexure MPa 3100 4200 
Water absorption 
after 24h, 23°C pbw 0.18 - 

Water absorption 
after 168h, 23°C pbw 0.432 - 

 
Both resins were cured at room temperature (23°C), 

the composite with epoxy for 46 hours and the one with 
polyester for 23 hours. The epoxy matrix had a mixing 
ratio of 30% EPIKURE Curing Agent 04908 and 5% 
Dearing agent BYK A535, while for the polyester resin the 
mixing contained 1.5% of initiator for unsaturated 
polyester resin NOROX MCP 75 and 0.08% polyester 
inhibitor NLC 10. 

The final aspect of the composite materials that were 
obtained and the main steps that must be followed in order 
to obtain a composite material using VARTM technique is 
exemplified in Figure 4. 

All fabric variants were produced at University of 
Minho, Portugal. 
 

 
 

Fig. 5. Manufacturing of composite materials with 3D 
textile reinforcements. 

 
Comparing the production of the composite material 

using the two matrix systems, the following observations 
can be made: 

•  The polyester resin is easier to work with due to 
its higher viscosity and lower density 

• The composite processability was better in the 
case of the polyester resin during the insertion of 
the inner moulds and their subsequent removal 

 
2.4 Impact testing of advanced composite materials  
 
The low velocity impact behaviour of composite 

materials reinforced with knitted sandwich fabrics was 
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evaluated using a Ceast Fractovis Plus 2000 impact testing 
machine. The impactor (Ø 20 mm) had a hemispherical 
tip, and a 75x75 mm specimen plate was used. The Impact 
test was made according to ISO 6603 and ISO 7765.  
The machine had the following settings: 

• Impact height: 750 mm 
• Carriage mass: 4.3 kg 
• Support diameter: 20000 mm 

All tests were made at University of Minho, Portugal. 
 
 

3. Modelling of impact behaviour using  
   Taguchi method 
 
3.1 General aspects 
 
In order to realize the experiments in an efficient an 

correct manner must be defined the input variables so that 
the studied process to achieve the expected performance 
and have a minimum sensitivity to noises. 
The main differences reported between the classical DOE 
(design of experiments) method and Taguchi method are 
[6]: 
• Classical DOE method does not consider the average 

values of the parameters that must be optimized, 
sometimes being completed with analysis of variance; 

• Taguchi method unitary treats the average values and 
the variability of the parameters that must be 
optimized; 

• Taguchi method use performance indicators, such the 
signal-noise (S/N) ratio, that simultaneously taking 
into consideration the desired response value (signal) 
and the variability thereof (noise). 
In parallel with the S/N ratio Taguchi method use the 

quality loss function. It is recommended to maximize of 
performance indicator to correspond with minimize of 
quality loss function. 

The way of determination for the quality loss function 
is given by relation: 
 

  (1) 
Where: 

• L(y) – average loss/unit; 
• s –  standard deviation; 
• yN – nominal value 
•  - average of determined values; 
• k – constant; 

 
The S/N ration must be determined according to the 

system outputs. 
 

 
Fig. 6. Principle of application of the Taguchi method 

General steps that must be followed in order to 
complete a Taguchi experiment are: 
• Define the system objectives. This can be represented 

either by a parameter optimisation, either by reaching 
a minimum or maximum value. The deviation from 
optimum performance is used to define the quality 
loss function; 

• The determination of parameters that influence the 
system and the specific levels of each. As the number 
of levels is higher for each parameter, the number of 
experiments to be conducted increases; 

• Define the orthogonal array used in conducting the 
experiment, according to the number of parameters 
and their specific levels; 

• Implementation of experiment and collect the 
experimental data; 

• Statistically analysis and interpretation of obtained 
raw data; 

• Results validation. 
A well designed product should always respond in the 

same manner to the signals provided by the users. If the 
answer varies randomly when is applied the same stimulus 
the quality of the signal is not optimal. Taguchi method 
aims to minimize the parameters variability reported to the 
noise factors and to maximize the variability reported to 
the signal factors [19]. 

The main purpose followed by applying the S/N ratio 
is to find the optimal combination of signal parameters 
that influence the system in order to maximize their S/N 
ratio. In this way these parameters become system control 
factors.         

The S/N ratio is determinate using the following 
relations: 
 

• Smaller the better 

            (2) 
• Nominal is the best 

            (3) 
• Larger the better 

  (4) 
Where: 

• s –  standard deviation; 
• y – nominal value; 
•  - average of determined values; 
• n – number of runs. 
After applying the S/N ratio test the generated loss 

will be lower as the calculated value will be higher. In this 
way will result a better optimisation of the studied system. 

 
3.2. Selection of orthogonal array and signal  
       factors  
 
Using Taguchi plans one can study the effect of 

several parameters on the system performance using only a 
condensed set of experiments 

After the analysis of orthogonal array models, the 
signal parameters and specific levels of each has been 
deemed adequate the L16 orthogonal array, presented in 
Table 4. 
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Table 4 Orthogonal array selection. 
Experiment Structure Resin type Cell 

Dimension 
1 1 1 1 
2 1 1 1 
3 1 2 2 
4 1 2 2 
5 2 1 1 
6 2 1 1 
7 2 2 2 
8 2 2 2 
9 3 1 2 

10 3 1 2 
11 3 2 1 
12 3 2 1 
13 4 1 2 
14 4 1 2 
15 4 2 1 
16 4 2 1 

 
Table 5 Signal factors selection. 

                 
Parameters 

   Levels St
ru

ct
ur

e 

R
es

in
 

ty
pe

 

C
el

l 
di

m
en

si
o

n 

1 Kevlar Epoxy 1 cm 

2 Kevlar 
Twaron Polyester 1,5 

cm 

3 Kevlar 
Linen - - 

4 
Kevlar 
Twaron 
Linen 

- - 

Symbol A B C 

The main purpose of this research is to find the 
optimal signal parameters for obtaining a higher low 
velocity impact resistance of composite materials that use 
three-dimensional sandwich knitted fabrics made of steel-
Kevlar, Twaron and linen technical yarns as reinforcement 
and epoxy and polyester resins as matrix. 

Selection of the noise factors takes into consideration 
the parameters considered significant for the dynamic 
behaviour of composite materials, as is shown in Table 5.  
 
 

4. Results and discussions 
 
The current study targeted the influence of signal 

parameters on the impact resistance of advanced 
composite materials. The first three columns of Table 6, 
noted A, B, and C, represent the signal factors (structure, 
resin type and cell dimension), while the following two, 
noted p1 and p2, are the noise factors (impact resistance of 
composite materials). 

In order to complete the experiment, three different 
sets of eight runs, according to L16 orthogonal array were 
conducted. The definition of the signal and noise factors is 
followed by statistic analysis, as is shown in Table 6. The 
response resulting from Taguchi analysis revealed the 
significance of the signal factors reported to S/N ratio and 
the average. The classification of influence level, 
presented in Table 7, is: 

• Maximum influence – the factor A (knitted 
structure); 

• Average influence – the factor B (resin type); 
• Minimum influence – the factor C (cell 

dimension) 

 
Table 6 Experimental design using L16 array and experimental results 

 
Experiment A B C p1 p2 S/N LSTD STDE MEAN CV 

1 1 1 1 1198.7 1245.3 61.71 3.09 22.00 1217.36 0.02 
2 1 1 1 1224.56 1200.87 * * * * * 
3 1 2 2 1005.4 1009.25 60.03 1.45 4.28 1003.92 0.00 
4 1 2 2 999.78 1001.25 * * * * * 
5 2 1 1 2328.65 2430.59 67.56 3.79 44.40 2389.80 0.02 
6 2 1 1 2412.3 2387.65 * * * * * 
7 2 2 2 995.42 1086.27 60.17 4.04 57.09 1022.90 0.06 
8 2 2 2 1051.65 958.24 * * * * * 
9 3 1 2 1086.58 1161.28 60.75 4.20 66.84 1094.42 0.06 

10 3 1 2 1005.2 1124.62 * * * * * 
11 3 2 1 742.8 745.18 57.32 2.55 12.86 735.10 0.02 
12 3 2 1 716.8 735.6 * * * * * 
13 4 1 2 1120.98 1170.29 61.08 3.65 38.35 1133.77 0.03 
14 4 1 2 1085.62 1158.2 * * * * * 
15 4 2 1 1020.45 1063.01 60.25 3.54 34.49 1030.42 0.03 
16 4 2 1 1051.9 986.3 * * * * * 
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Table 7 
Response table for S/N Ratios 

Larger is better 
Level A B C 

1 60.87 62.77 61.71 
2 63.86 59.44 60.51 
3 59.03   
4 60.66   

Delta 4.83 3.33 1.20 
Rank 1 2 3 

 
The values that were obtained for S/N ratio, average 

and standard deviation from Table 6 are graphically 
represented in Figs. 7, 8 and 9. The S/N ratio has been 
calculated using the formula defined for larger the better 
case. The optimal combination of signal parameters is A2 
B1 C1 meaning a composite materials made by steel Kevlar 
and Twaron yarns for reinforcement, epoxy resin as matrix 
and a cell dimension of 1 cm. As can be seen in Table 8, 
after applying the prediction method, the S/N ratio is 
maximal reported to the S/N ratio obtained from statistical 
processing of experimental data according to Taguchi 
experiment matrix. 
 

 
Fig. 7. Main effects plot for S/N ratio 

 

 
Fig. 8. Main effects plot for means 

 

 
Fig. 9. Main effects for standard deviations 

 

In order to do this the parameters levels must be set 
according to the results that were obtained from graphic 
analysis.   
 

 
 

Fig. 10. Definition of the parameters levels  for result prediction 
 

Table 8. Predicted values. 
 

 
S/N Ratio Mean St Dev Ln (StDev) 
66.13 2010.43 52 4.26 

 
This method can be used for predicting results 

characterized by different combinations of the considered 
signal parameters. 

 
5. Model validation 
 
In order to determine the accuracy of Taguchi 

analysis, a model validation is required. 
In this case, model validation was made by 

performing a number of tests, taking into account the 
intervals for the defined signal parameters. 

Samples have been tested at low velocity impact 
according to the presented methodology. A part of 
experimental result is graphically exemplified in Figure 
11. 

From the graphical analysis of the experimental 
samples, Taguchi results correspond to the experimental 
results.  The level of forces in the system determined 
through testing correspond to variant A2 B1 C1 defined in 
the Taguchi analysis and present the maximum value – 
2482 N. 
 

 
 

Fig. 11. Force displacement curves. 
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6. Conclusions 
 

Advanced composite materials have known important 
developments in last decades. They require the use of 3D 
preforms that are produced in one stage through textile 
specific processes.  

Impact behaviour is well documented throughout 
literature, but the bulk of it refers to 2D and 3D woven 
fabrics and high velocity loads. The paper targets the study 
of low velocity impact in the case of composites 
reinforced with 3D knitted sandwich fabrics with epoxy 
and polyester resins. The novelty of this study resides in 
the combination of production process, raw materials and 
type of impact (low velocity).  

Taguchi method presents the advantage of generating 
accurate results based on a small number of runs in 
comparison to classical DOE methods. Currently, its use in 
textile modelling is somewhat limited. The orthogonal 
array was defined based on structure, resin type and cell 
dimension as signal parameters and impact resistance of 
advanced composite materials as noise factors.  

The model was validated based on experimental 
results obtained by testing sandwich composites produced 
with similar parameters in similar technical conditions.  
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