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Abstract: Textile-supported nanocomposite as a scaffold has been extensively used in the medical
updates

field, mainly to give support to weak or harmed tissues. However, there are some challenges in
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fabricating the nanofiber/textile composite, i.e., suitable porous structure with defined pore size,
less skin contact area, biocompatibility, and availability of degradable materials. Herein, polyamide-
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6 (PA) nanofibers were synthesized using needleless electrospinning with the toothed wheel as a
spinneret. The electrospinning process was optimized using different process and solution parameters.
In the next phase, optimized PA nanofiber membranes of optimum fiber diameter with uniform
distribution and thickness were used in making nanofiber membrane—textile composite. Different
textile fabrics (woven, non-woven, knitted) were developed. The optimized nanofiber membranes
were combined with non-woven, woven, and knitted fabrics to make fabric-supported nanocomposite.

1158. https://doi.org/10.3390/
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The nanofiber /fabric composites were compared with available market woven and knitted meshes
for mechanical properties, morphology, structure, and chemical interaction analysis. It was found that
Academic Editor: Leonard Tijing the tear strength of the nanofiber/woven composite was three times higher than market woven mesh,
and the nanofiber /knitted composite was 2.5 times higher than market knitted mesh. The developed
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composite structures with woven and knitted fabric exhibited improved bursting strength (613.1
and 751.1 Kpa), tensile strength (195.76 and 227.85 N), and puncture resistance (68.76 and 57.47 N),
respectively, than market available meshes. All these properties showed that PA nanofibers/textile
Publisher’s Note: MDPIstays neutral  structures could be utilized as a composite with multifunctional properties.
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1. Introduction

Textile medical products are highly significant for the healthcare and hygiene sectors.
Healthcare-associated infections (HAIs) are common adverse health events affecting hospi-
tal patients [1,2]. Therefore, a large number of healthcare and hygiene products are used in
operating theaters and hospital wards [3]. Medical textile products used in hospital wards
include bedding; clothing, mattress covers; incontinence products; clothes; wipes [1,4]; ex-
tracorporeal devices [5]; non-implantable materials such as plaster and pressure apparel [6];
40/). and implantable materials such as sutures, synthetic ligament [7], the synthetic dermis [8],
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synthetic Lumina [9], eye-to-eye contact lenses, orthopedic implants synthetic joint cap-
sules, synthetic bones [10], heart implants, vascular grafts, cardiovascular valves [11], and
hernia meshes [12].

Surgical meshes have been used to resolve hernia problems since 1891. The research in
this field has expanded due to multiple difficulties after surgeries, such as infections, fibro-
sis, adhesions, mesh rejection, and hernia recurrence. Scientists, scholars, and researchers
developed various methods for a wide range of mesh materials, their analysis, and im-
plementation with different porosity and fiber size. Several implantation and surgical
methods have been established [13], such as biodegradable knitted meshes [14], tubular
knitted meshes [15], PTFE-based knitted meshes [16], fibrous-based multilayer meshes [17],
woven-based meshes [18,19], non-woven based meshes [20], and pad-like meshes [21].
However, achieving suitable porosity and material mechanical properties such as tensile
tear strength, elongation, and stiffness is still challenging.

Electrospun-based nanofibers [22] offer a nano-level control of fiber mesh porosity
and higher specific strengths. Shaohua et al. discussed a detailed review of how nanoscale
fibers have gained much attention due to their superior performance compared to con-
ventional electrospun fibers. These nanofibrous materials showed superior mechanical,
electrical, biological, and optical properties in relation to microfibers and have a wide range
of applications in biotextiles, tissue repair-regeneration, wearable textiles, and bioelectron-
ics [23]. Liang et al. introduced the usage of a novel spinneret (annular), which resulted
in high throughput nanofibers by needleless electrospinning. The novel electrospinning
technique showed less solution evaporation because of the solution stored in the annular
slit. Moreover, various jets formation was achieved at the edge of the spinneret. At 10%
solution concentration, applied voltage at 60 kV, a flow rate of 14 mL/h, and a collection
distance of 20 cm, the highest productivity (4.5 g/h) of nanofibers was achieved [24].

Some researchers worked on electrospun-based meshes; for example, Ebersole et al.
developed an electrospun absorbable poly-caprolactone (PCL) scaffold in which two tale ar-
rangements possessed elastic qualities and suture maintenance which were suitable for her-
nia fix applications [25]. K. Molnar et al. contemplated the 3D absorbable polyvinylalcohol
(PVA) scaffold using reactive electrospinning for tissue-designed hernia substitution [26].
Pengbi Liu et al. studied warp-knitted-based hernia meshes with patterned nanofibers
mats and found that mesh properties can be improved by suitable textile structure de-
sign [27]. Jason Chakroff et al. developed the bio-resorbable and non-resorbable polymers
electrospun-based hernia mesh. Interestingly, it was found that the bio-resorbable polymers
beat the no resorbable polymers in the mechanical tests [28]. B. Veleirinho et al. studied the
PVA-based electrospun scaffold and showed that PVA hernia meshes did not support cell
attachment in vitro [29]. M. Plencner et al. investigated the PVA molecular weight effect
on needleless electrospinning [30]. Usman Ali et al. reported a comparative study on the
needleless electrospinning of PVA nanofiber by using different spinnerets [31]. X Wang
investigated the needleless electrospinning technique for the nanofibers’ scale production.

The authors fabricated the PVA nanofibers using multiple rings as the spinnerets
and evaluated the effect of spinnerets on productivity and nanofiber morphology. It was
stated the electric field mainly concentrated at the top side of all rings and directly affected
productivity [32,33]. Fiber morphology and production rate both depended on the process
variables such as the voltage, distance, and solution parameters, that is, concentration
and molecular weight of the polymers [34-36]. The productivity of ring needleless elec-
trospinning was almost 22 times higher than the conventional process of using two rings
as a spinneret [37]. The main objective of this research study is the development of an
electrospun-based nanofiber composite supported by different types of fabric (non-woven,
woven, and knitted) to enhance biocompatibility, mechanical properties, and appropri-
ate pore size. The electrospun membranes and resultant composites were characterized
by SEM, stiffens, tensile, tear, and bursting strength properties. These properties were
compared with two market available hernia mesh products (woven and knitted).
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2. Materials and Methods

Polyamide-6 (MW: 150,000, density: 1.184 g/cm3) was purchased from Merck (made
in Germany). Acetic acid was also purchased from Merck (made in Germany, Darmstadt,
Germany); formic acid was purchased from Sigma Aldrich (St. Louis, MO, USA).

Development of Nanofiber/Iextile Composites

The development of electrospun nanofiber/ textile composite was divided into 3 phases.
The first phase objective was to obtain bead-free and smooth nanofibers from electrospin-
ning. For this purpose, initially, pre-trials were carried out, varying the solution and process
parameters such as solution concentration, applied voltage, and spinning distance to find
out the optimized parameters. After pre-trials, these three factors were selected, i.e., poly-
mer concentration (18, 20, and 22 w/w%), applied voltage (40, 45, and 50 KV) and spinning
distance (16, 20, and 24 cm) because these factors have a prominent effect on results. A
complete design of the experiment is given in Table 1. A homogeneous solution of PA with
specific conc. of 18, 20, and 22% was prepared by dissolving PA polymer in acetic acid
(50% w/w) and formic acid (50% w/w) solvents (w/w) solvents and continuously stirring at
1200 rpm for 24 h at 50 °C. The fabrication of PA nanofibers was carried out using a toothed
wheel needleless electrospinning technique. The needleless electrospinning contains a
toothed wheel, a grounded collector (rotating cylinder), a solution container that is made
of Teflon, and a power supply (Gamma-high voltage DC power supply). The dimensions
of the toothed wheel spinneret are as given thickness = 5 mm, exterior diameter = 60 mm,
number of teeth = 14, and pitch = 13.45 mm. The other process parameters, such as toothed
wheel rotation and collecting wheel rotation, were kept constant after the optimization
of the process. The toothed wheel spinneret rotation was kept constant at 10 rpm, and
the collecting cylinder speed was set at 50 rpm to collect uniform and even the nanofiber
membrane. The applied voltage is connected to the toothed wheel spinneret, whereas
the ground is connected to the rotating collector. The environmental conditions were also
optimized and adjusted after pre-trials. The temperature and relative humidity were varied
at 16 to 25 °C and 35 to 65% at the initial pre-trials during the electrospinning of PA6
nanofiber. After optimizing the environmental conditions, the temperature was set to
16 °C and 35% relative humidity and kept constant through the electrospinning of the PA6
nanofiber membrane. The membranes of different thicknesses were prepared initially, and
the most suitable membranes with good tensile and bursting properties were selected for
the development of composite structures.

In phase 1I, different fabrics, such as non-woven, woven, and knitted, were developed
to support the nanofiber membranes. This process was completed in two steps. For fabric
preparation, the spinning of polypropylene fibers (PP) was performed to develop PP yarn.
Then, weaving was performed to prepare PP fabric. Next, knitting of the same PP yarn was
performed to develop knitted fabric. Non-woven fabric was developed using PP staple
fibers through needle punched non-woven fabric system.

After developing fabrics in phase III, the optimized nanofibers membranes with good
tensile and bursting strength were attached to different textile structures through the
calendaring process to fabric nanofiber nonwoven composite (NWC), woven composite
(WCQC), and knitted composite (KC), respectively. The fabric substrate was sprayed with
PA6 binder to obtain adhesion of the nanofiber membrane to the textile substrate. The
calendaring speed was adjusted at 1.40 m/min, calendaring pressure at 12 bar, and the
lower cylinder temperature was set at 120 °C. The combined layer of textile substrate and
nanofiber membrane was passed between the calendars. The fabric substrate was toward
a lower calendar (downward direction) during this process. The obtained composite of
nanofiber membrane and fabric substrate has good adhesion properties and cannot peel
off easily.

For comparison purposes, two different hernia meshes were bought from the market.
One was woven hernia mesh (MWM), and the second was knitted hernia mesh (MKM).
Figure 1 shows the illustration of the fabrication of a nanofiber/textile composite. All the
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characterization of prepared nanofiber/textile composite and market-bought meshes were

compared in this study.
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Figure 1. Illustration scheme of fabrication of nanofiber/textile composite
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Table 1. Optimization of electrospun nanofibers of PA.
Sr. Concentration (w/w%) Voltage (kV) Distance (cm)
1. 18 40 16
2. 18 45 16
3. 18 50 16
4. 18 40 20
5. 18 45 20
6. 18 50 20
7. 18 40 24
8. 18 45 24
9. 18 50 24
10. 20 40 16
11. 20 45 16
12. 20 50 16
13. 20 40 20
14. 20 45 20
15. 20 50 20
16. 20 40 24
17. 20 45 24
18. 20 50 24
19. 22 40 16
20. 22 45 16
21. 22 50 16
22. 22 40 20
23. 22 45 20
24. 22 50 20
25. 22 40 24
26. 22 45 24
27. 22 50 24

3. Characterization
3.1. SEM Characterization of Electrospun Nanofibers

Scanning electron microscopy (Quanta 250 FEI) was used to observe morphologies of
electrospun PA Nanofibers. The diameter of electrospun PA nanofibers was calculated from
SEM images with the help of an image analyzer, “Image ]J”, and a minimum of 50 fibers
were tested from each image.

3.2. Surface Area and Porosity

Brunauer-Emmett—Teller (BET) analysis was performed to measure the surface area
and porosity of the PA6 nanofiber membrane through Brunauer—-Emmett-Teller (BET)
analysis (BET, Quantachrome Nova 2200e).

3.3. Mechanical Testing of Electrospun Nanofibers

The tensile strength of PA nanofibers was obtained with a (Tensiometric 2.5) single
fiber strength tester with speed (10 mm/min) and gauge length (10 mm). Samples were
tested at a temperature of 25 °C with 55% of relative humidity. Each sample was cut
to dimensions 5 mm in width and 10 mm in length. Ten readings of each PA sample
were tested.

The universal tensile strength tester was used to evaluate the strength of textile
materials. The testing standard for fabric tensile strength using the strip method is EN
ISO 13934-1:1999. The fabric strip was cut according to the dimensions 10” x 3" in both
directions of testing fabric minimum of two sample warp directions and another in the
weft direction. The tear strength tester was used to measure the tear strength. The working
principle of this machine is a ballistic pendulum (Elmendorf) and a cutter that places a cut
of 2 mm on the specimen. The testing standard for tear strength is EN ISO 13937-1:2000.
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A bursting strength tester is an equipment that is used for measuring fabric bursting
strength by applying pneumatic pressure on the sample until it bursts. Then, the reading is
noted in Kpa. The testing standard for bursting strength is ISO 13938-2:1999. The testing
standard for stiffness testing is ASTM-D4032.

4. Results and Discussions
4.1. Nanofibers Morphology

Fiber morphology is an important feature of the nanofiber, influencing the final
nanofiber membranes’ performance. The solution concentration applied voltage and
distance from nozzle tip to collector are primary factors for the structure and morphology
of nanofibers fabricated from the multiple tooth wheel spinnerets. Initially, the electro-
spinning process was optimized with pre-trials under different process environmental
conditioning. The temperature varied from 15 to 25 °C, and the relative humidity was 35 to
65%. At the high temperature (25 °C), the electrospinning process is not smooth due to
the evaporation of the volatile solvent (acetic acid and formic acid) and fiber solidified
before reaching the collector. Moreover, the solution concentration was also changed due
to the evaporation of the solvent in the container during electrospinning. On the other
side, the electrospinning of PA6 nanofiber was uniform and smooth at 16 °C temperature.
Similarly, in the case of high relative humidity (65%), high moisture content between the
spinneret and collector interacted with the polymer jets during its flight. This interaction
caused the phase separation and solidified the PA6 nanofiber before reaching the collector,
resulting in a coarser and uneven nanofiber membrane. Based on these trials, the chamber
temperature was set at 16 °C, and relative humidity was kept at 35%. Solution concentra-
tion was also varied from 10 to 25%. It was observed that at low concentrations of 10 to
16%, beaded nanofibers were formed, while solution concentrations above 22% developed
coarser ribbon-like nanofiber. Therefore, a solution concentration between 18 and 22%
was selected for the further optimization of the PA6 nanofiber morphology. In the applied
voltage, a minimum voltage of 30 kV is required to initiate the electrospinning process
by using toothed wheel electrospinning. Uniform electrospinning of the PA6 nanofiber
was observed for the voltage range from 35 to 45 kV. The spinning distance was also set
between 16 and 24 cm after the pre-trials by analyzing the smooth electrospinning and
evaporation of the solution.

4.1.1. Impact of Polymer Concentration

Figure 2 shows that finer nanofibers are formed at 18 w/w% polymer concentration.
When the polymer concentration was increased to 20 w/w%, then the diameter of nanofibers
was also increased. The further increase in concentration to 22 w/w% also enhanced the
diameter of the nanofibers. The formation of beads at low concentrations was due to
the polymer solution’s low viscosity; hence, surface tension dominated and led to the
formation of beads instead of nanofibers. While at a higher concentration level, the more
viscous polymer solution formed the continuous uniform nanofibers, as shown in Figure 3.
The distribution of nanofiber diameter is presented in Figure 3 through the histogram.
The distribution of the nanofiber diameter is narrow at 18 w/w% in comparison to the
distribution of the diameter of the nanofibers. The average diameter of nanofibers found is
231 &+ 65 nm, 343 + 58 nm, and 418 + 47 nm at a concentration level of 18, 20, and 22%,
respectively. Figure 2d presents photographic images of the developed nonwoven, knitted,
and woven composites with nanofiber membranes.
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Figure 2. (a—c) SEM images of nanofibers diameter at different concentration levels 18, 20, and
22 w/w% with constant applied voltage 45 kV and constant collecting distance 20 cm; (d) actual
photographic view of nonwoven, knitted, and woven composite.
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Figure 3. Histograms of nanofiber diameter at different concentration levels 18, 20, and 22 w/w%
with constant applied voltage 45 kV and constant collecting distance 20 cm.

4.1.2. Impact of the Applied Voltage

Figures 4 and 5 show the SEM images of nanofibers and the histogram of diameter
distribution at a different voltage with a constant concentration of 20% at a spinning
distance of 20 cm. The SEM image of PA nanofibers shows that the nanofibers” diameter
had a decreasing trend as the potential difference was increased from 40 kV to 50 kV while
keeping other parameters constant. The average diameter of nanofibers was 383, 343, and
278 nm, formed at 40, 45, and 50 KV, respectively. It could be seen that the impact of applied
potential difference was more prominent at the low concentration. The reason for shifting
the trend of the diameter of nanofibers on the lower side of applying a higher voltage is
due to the generation of stronger electrostatic force at charged jets, hence resulting in a
narrowing diameter of the nanofibers.
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Applied voltage

Figure 4. Histograms of nanofiber diameter at different concentration levels 18, 20, and 22 w/w%
with constant applied voltage 45 kV and constant collecting distance 20 cm.

(a') 40 kV (b') 45 kv (c') 50 kV

25

20
15
10

& e %
LD 55

& B s
150 200 250 300 350 400 450 500 550

100 450 500 550

Figure 5. Histogram of diameter distribution at a different voltage with a constant concentration of
20% at a spinning distance of 20 cm.

4.1.3. Impact of Collecting Distance

Figures 6 and 7 show SEM images and histograms of nanofibers influencing the collect-
ing distance of 16, 20, and 24 cm at a constant voltage of 45 kV and polymer concentration
of 20 w/w%. The SEM images of the PA nanofibers showed that increasing the collecting
distance from 16 cm to 24 cm has an inverse effect on the diameter of nanofibers keeping
the concentration and voltage at a constant level. Fibers with uniform distribution were
obtained on shifting from 16 cm to 24 cm. It can also be observed that the impact of
collecting distance is not very significant during the electrospinning process while keeping
the distance at the spinning range.

The relation of nanofibers’ diameter with polymer concentration, voltage, and spinning
distance is summarized in Figure 8. The increment in diameter of nanofibers with polymer
concentration was found to be more significant as compared to the applied voltage and
collecting distance. In contrast, by increasing the applied voltage from 40 kV to 50 kV,
the diameter of nanofibers was decreased. Similarly, by increasing the collecting distance
from 16 cm to 24 cm diameter of the nanofibers was decreased. As a result, bead-free and
smoother fibers were obtained at 50 KV applied voltage, 20 w/w% concentration, and 24 cm
collecting distance. Furthermore, these optimized nanomembranes were prepared at three
different thickness levels, i.e., 80, 120, and 160 um.
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Figure 6. SEM images of nanofibers influencing the collecting distance 16 cm, 20 cm, and 24 cm at a
constant voltage of 45 kV and with a constant polymer concentration of 20%.
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Figure 7. Histogram of nanofibers influencing the collecting distances 16 cm, 20 cm, and 24 cm at a
constant voltage of 45 kV and with a constant polymer concentration of 20%.
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4.2. Surface Area and Porosity

Figure 9 presents the nitrogen adsorption—desorption isotherm curve of the PA6
nanofiber membrane. The adsorption and desorption curves of the PA6 nanofiber follow
the isotherm type IV behavior with the hysteresis of H3. PA6 nanofiber membrane exhibits a
pore size of 12.416 nm, pore volume of along 0.081 cm3/g, and surface area of 36.043 m?/g.
The pore size, pore volume, and surface area of the PA6 nanofiber membrane are very
comparable, which can be very effective for biomedical applications.

120 4 —=— Adsorption
—e— Desorption
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o
1

80 -

60 -

40 -

20 +

0 M 1 1 ! ! v
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Figure 9. Nitrogen Adsorption—desorption isotherm curve of PA6 nanofiber membrane.

4.3. Tensile and Bursting Strength of Nanomembranes

The tensile strength of nanomembranes of different thicknesses is given in Figure 10.
The figure shows that tensile strength is increased by increasing the thickness of nanofibers.
The nanofiber membranes with a thickness of 80, 120, and 160 pm revealed tensile strength
of 9.31 &+ 1.54, 11.96 + 1.24, and 15.74 £ 0.88 N, respectively. This relation shows that
by increasing thickness, the tensile strength of nanofibers also increases. When thickness
changes from 80 um to 120 pm, there is a 28.6% increase in the tensile strength of nanofibers
that shows a significant improvement in strength. Similarly, when thickness changes from
120 pm to 160 pm, then there is a 31.6% increment in tensile strength. Moreover, the strain
% of nanomembranes is also rising with an increase in thickness. The possible reason for
this is the maximum no. of fibers and entanglement in the higher-thickness membrane as
compared to the membrane with a low thickness.

Figure 10b shows the effect of the membrane’s thickness on the nanomembrane’s
bursting strength. The membrane’s thicknesses of 80, 120, and 160 um show bursting
strengths of 173 + 7.59, 268 £ 5.78, and 370 + 4.15 KPa, respectively. It showed that
when the thickness of the nanofibers membrane is increased, the bursting strength is also
increased. This is because the interaction and entanglement of fibers increase with the
increasing thickness of membranes. Each layer of membrane supports its neighboring
membranes, due to which tensile and bursting properties of higher thickness membranes
are better.
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Figure 10. (a) Effect of nanofiber membrane thickness against the stress—strain curve. (b) Bursting
strength of nanomembrane.

As hernia mesh needs higher tensile and bursting strength, the nanofiber membranes
with a thickness of 160 um were chosen to fabricate nanomembrane/textile composites.

4.4. Tear Strength Analysis of Composite and Standard Structures

The calendaring process combined PA nanomembranes with non-woven, woven, and
knitted fabrics. The comparison between the developed nanofiber/textile composite and
the market-available mesh (knitted and woven) is shown in Figure 11. It was found that
that market woven and knitted mesh was 26.49 4 1.86 and 21.34 £ 1.98 N, respectively,
but the tear strength of non-woven, woven, and knitted composites was 44.17 + 1.86,
73.42 £+ 1.54, and 49.14 £ 1.78 N, respectively. The woven composite showed much higher
tear strength as compared to other structures. Knitted and non-woven composites showed
relatively similar results. It was also observed that all the composite samples have greater
tear strength than standard hernia mesh. The higher tear of the woven structure is due to
its stable structure. The interlacement of yarn one on one makes the fabric very compact
and stable. This leads to better tear strength as the interlacement hinders the propagation
of the cut.

4.5. Bursting Strength Analysis of Composite and Standard Structures

Bursting is one of the most important mechanical properties that is used to measure
how much a material can bear the force until it bursts. Figure 12 shows that the bursting
strength of the standard woven and the knitted mesh was 718.4 and 703.4 KPa, respectively.
However, the knitted, woven, and non-woven fabric-based composites were 751.1, 613.1,
and 404.6 KPa, respectively. The knitted composite had the highest bursting strength
compared to all other samples due to the knitted structure that gives elongation while
stretching. In addition, when pneumatic pressure is applied, the knitted structure expands
due to the loops structure and bears more force before bursting. Therefore, knitted-based
composite can bear high blood pressure around the hernia inside the human body.
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4.6. Tensile Strength Analysis of Composite and Standard Structures

Figure 13 shows the comparison of different electrospun nanofiber textile-supported
composites by different fabric tensile strengths with reference meshes. The tensile strength
of reference woven and knitted mesh is 182.02 and 211.54 N, respectively, which shows
that reference knitted mesh had higher tensile strength than woven mesh. The tensile
strength of non-woven, woven, and knitted-based composite is 118.14, 195.76, and 227.85 N,
respectively, which shows that knitted fabric-supported nanofiber composite has the highest
value of strength as compared to other developed composites. Knitted structures bear
more force before breakage due to their loop structures. Loops absorb all initial force, and
fabric elongates, breaking at a higher force. Therefore, knitted fabric-supported nanofiber
composite was found most suitable in accordance with tensile and bursting strengths for
repairing hernia disease due to being more resistive than other fabrics.

250

227.85

[}

=4

<
|
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Tensile Strength (N)
@
=
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Structure

Figure 13. Tensile strength of developed nanofiber membrane/textile composites and market-
bought samples.

4.7. Elongation Properties Analysis of Composite and Standard Structures

The graph shown in Figure 14 explains the elongation properties of developed
nanofiber/textile composite and reference hernia meshes. While looking at elongation
%ages, reference woven mesh shows 36.48% elongation, and knitted mesh shows 58.22%
elongation. Contrary to these meshes, self-developed nanofiber membrane/fabric-based
composite shows different behavior. Self-developed woven composite elongation is 41.57%,
while knitted-based composite is 68.34%, and the non-woven sample shows the least
value of elongation, i.e., 29.78% after applying force. It is clear that self-developed
nanofiber /textile composite showed better performance than market-available meshes.
The knitted composite shows higher elongation due to the loop structure. When force
is applied, loops of knitted structure elongate, and force is absorbed. Due to this reason,
knitted-based composite has higher elongation. Interaction between fibers is least in non-
woven structures, which results in less elongation. On applying force, fibers quickly slip
into each other due to weak interaction and break earlier. Therefore, the tensile strength
and elongation of non-woven are the least in all structures.
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4.8. Stiffness of Composite and Standard Structures

The stiffness of composites developed against reference meshes is compared and
shown in Figure 15. This shows that knitted, supported nanofiber composite has the lowest
stiffness value compared to other developed composites. Non-woven composite gives the
highest value of stiffness. The stiffness of woven fabric-supported composite was found
between both structures. The stiffness of both reference meshes was much higher than the
prepared nanofiber/textile composite. Knitted composite stiffness was the least due to its
flexible behavior. This flexible structure is much more supportive for hernia support inside
the human body. Therefore, the knitted composite is most suitable for this application.

4.9. Puncture Resistance of Composite and Standard Structures

Figure 16 shows that the woven composite (WC) puncture resistance is higher than
other fabric-based composite meshes. This behavior is due to its natural crisscross structure.
All yarns are interlaced in a woven structure, which reduces the chances of puncture after
applying pressure. Puncture resistance is also influenced by the material strength and cross-
section of yarn. The greater the cross-section, the more puncture-resistant it is. The non-
woven structure showed the least puncture resistance due to less interaction of constituent
fibers. The puncture resistance of both reference samples is also less than composite
structures. Knitted composite structures also showed impressive puncture resistance;
hence, the knitted composite could be used as hernia mesh inside the human body.

5. Conclusions

In this research study, polyamide-6 nanofiber-based nanomembranes were synthesized
using a needleless electrospinning process with the toothed wheel as a spinneret. Then dif-
ferent fabrics (woven, non-woven, knitted) were developed. Then the optimized nanofiber
membrane was combined with each type of fabric to make a fabric-supported nanofiber
composite. Based on characterizations, the morphology of the nanofiber membrane was
affected by variations in applied voltage, polymer concentration, and collecting distance.
Mechanical properties such as tensile, bursting, and tear properties of the PA nanofiber
membrane were increased by increasing the thickness of nanomembranes. The tear strength
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and puncture resistance properties of the woven structure composite were much better
as compared to other developed and reference meshes due to their stable structure. The
knitted composite performed better in bursting strength, tensile, and stiffness properties
than all other samples. It was concluded that hernia mesh should have high tensile strength,
suture maintenance, excellent porosity to aid fibroblast colonization, minimum shrinkage
tendency, stays flat without wrinkling, and have the correct design. When considering the
obtained results, knitted composite has almost all these properties and was found to be
potentially suitable for medical applications.
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