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Editorial

Advances in Textile Structural Composites II

Rajesh Kumar Mishra

Department of Material Science and Manufacturing Technology, Faculty of Engineering, Czech University of Life
Sciences Prague, 16500 Prague, Czech Republic; mishrar@tf.czu.cz

Textile structural composites are increasingly being recognized in engineering fields
due to their exceptional mechanical attributes, lightweight nature, and improved durability
when compared to conventional materials. These composites consist of textile structures
from glass, carbon, aramid, or natural fibers, that are integrated within a polymer, metal, or
ceramic matrix, leading to outstanding strength-to-weight ratios, resistance to corrosion,
and versatility in design. The mechanical properties of such composites are influenced by
factors such as the type of textile reinforcement, fiber orientation, and interfacial bonding,
which affect characteristics like tensile strength, impact resistance, and fatigue perfor-
mance [1]. These qualities are further enhanced by hybrid composites, which blend various
fabric types to provide increased structural efficiency. The final composite characteristics
and structural integrity are affected by a number of production processes, including pultru-
sion, vacuum-assisted resin infusion (VARI), resin transfer molding (RTM), manual lay-up,
and additive manufacturing. By maximizing resource use and cutting waste, emerging
fabrication techniques like 3D printing and automated fiber placement are completely
changing the business. Textile-based composites are used in several engineering appli-
cations in the sports equipment, automotive, marine, aerospace, and civil infrastructure
sectors. Their high-performance qualities help reduce weight and improve durability and
energy efficiency [2].

They are utilized in the automobile industry for body panels, chassis components, and
crash-resistant structures for enhanced vehicle performance and safety, and in aerospace
for fuselage panels, wing structures, and interior components. Boat hulls and offshore
constructions are examples of marine applications that take advantage of their resilience to
severe weather conditions. To ensure lifespan and improved performance, civil engineering
incorporates fiber-reinforced composites (FRCs) into bridge decks, structural rehabilitation,
and seismic retrofitting [3]. The high strength-to-weight ratio, corrosion resistance, ease
of fabrication, and improved design flexibility are just a few of the many benefits of FRCs.
However, issues like moisture absorption, recycling difficulty, environmental effect, and
high initial prices continue to stand in the way of wider implementation. To overcome
these constraints, efforts are being made to improve material efficiency and environmental
sustainability through the development of sustainable bio-based composites, sophisticated
recycling methods, and computer modeling. FRCs’ role in high-performance engineering
applications will grow as a result of their ongoing development, which is being fueled by
breakthroughs in material science and creative production techniques [4].

In order to guarantee their widespread integration into next-generation engineering
solutions, this Special Issue included futuristic research directions and possible advance-
ments while providing a thorough overview of textile structural composites, examining
their performance, fabrication processes, applications, benefits, and drawbacks.

In addition to their structural and mechanical benefits, textile-reinforced composites
contribute to the creation of smart and multifunctional materials, which integrate additional

Polymers 2025, 17, 1603 https://doi.org/10.3390/polym17121603
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characteristics such as self-healing, impact sensing, and temperature management. These
composites can be modified with nanoparticles, conductive fibers, and embedded sensors
to improve damage detection and predictive maintenance in important structures [5]. In-
dustries like defense and biomedical engineering are studying these composites for ballistic
protection, prostheses, and bio-inspired applications where durability and adaptability
are critical [6]. The future of FRCs seems bright as long as research into sustainable re-
inforcements, artificial intelligence-driven material design, and computational modeling
continues [7]. To standardize testing procedures, increase their manufacturability, and guar-
antee their wider acceptance across engineering domains, increased cooperation between
academic institutions, business, and regulatory agencies is crucial. Engineers can unleash
the potential of next-generation materials and create innovations that redefine structural
performance and material efficiency across industries by incorporating sustainability and
digital advances into the creation of textile-reinforced composites [8].

This Special Issue is the subsequent addition to a previous Special Issue on the same
topic and continues to provide further insights into advanced textile geometrical structures
used as reinforcement in composites. In this Special Issue, the computational and geomet-
rical models that can effectively predict the failure occurring in the textile reinforcement
composite structures were discussed.

The applications and potential of statistical evaluation in textile-based composites
were elaborated. The valorization and utilization of textile wastes for creating value-added
composites was given utmost importance for sustainable product development. Bio-based
materials and their importance for textile structures as well as composites were further
discussed. Unconventional and modern application areas, e.g., biomedical, electronic
gadgets, communication, sensors, etc., were explored.

The Editor is thankful to all the contributors and editorial staff for preparing this
Special Issue successfully and effectively. These specialized contributions will lead to new
methods of research and development in these emerging areas of sustainable composite
product development.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: This paper focuses on the comfort properties of graduated and preventive compression
stockings for people who work long hours in standing postures and for athletes for proper blood
circulation. The present study was conducted in order to investigate the effects of the yarn insertion
density and inlaid stitches on the performance of the compression stockings. The effects of these
parameters on the thermo-physiological comfort properties were tested with standard and developed
methods of testing. All compression stockings were maintained with class 1 pressure as per German
standards. The structural parameters of the knitted fabric structures were investigated. The stretching
and recovery properties were also investigated to determine the performance properties. The
theoretical pressure was predicated using the Laplace’s law by testing the stockings’ tensile properties.
The compression interface pressures of all stockings were also investigated using a medical stocking
tester (MST) from Salzmann AG, St. Gallen, Switzerland. Correlation between the theoretical
pressures and pressures measured using the MST system were also assessed. The current research
used a multi-response optimization technique, i.e., principal component analysis (PCA), to identify
the best structure based on the optimalization of the above-mentioned properties. The results also
revealed that samples with higher insertion density levels exhibit better comfort properties. The
results showed that sample R1 was the best sample, followed by R2 and P. In addition, all developed
stocking samples exhibited better comfort properties than the control sample from the market.

Keywords: graduated compression stockings; medical textile; principal component analysis; thermo-
phycological comfort; inlay yarn; insertion density

1. Introduction

The successful usage of compression garments has been in practice for a long time in
order to prevent medical issues such as scarring, edema and deep vein thrombosis (DVT)
in hospitalized patients, either immediately after surgery or because of immobility due to a
medical illness [1,2]. DVT can be prevented with the use of compression stockings instead
of drugs. Drugs can cause bleeding, which is a primary concern in patients who have
undergone surgery. Compression can be applied using bandages and elastic compression
hosieries (ECHs). Compared with bandages, ECHs are generally more in demand due
to their convenience and ease of care. Compression hosiery products can be developed
using circular and flat knitting machines. These are functional products that combine
knitting technologies to meet healthcare requirements. Graduated compression stockings
(GCS) help prevent the formation of blood clots in the legs by applying varying amounts of

Polymers 2022, 14, 2045. https://doi.org/10.3390/polym14102045 https://www.mdpi.com/journal/polymers4
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pressure to different parts of the leg [3,4]. Compression stockings are known as an effective
nonsurgical choice, exerting gradual pressure to prevent and to treat venous disease in
legs [5]. In the field of healthcare, compression stockings play a significant role, being used
as a first line of treatment to manage the increasing intensity of varicose veins or chronic
venous diseases at the initial stages [4–6]. Varicose veins are abnormal, whereby dilated
blood vessels develop due to weaknesses in the vessel walls. This appears as swollen,
twisted clusters or clots of blue or purple veins, which cause the blood to back up and
pool inside the vein and make a new route [7]. Compression stockings exert an external
pressure on lower limbs, reduce the vein diameter and increase the venous blood flow
velocity, which helps the vein valves to function properly [8]. Researchers concluded that
for compression stockings, ≥20 mmHg is an effective range of optimum pressure values
that cause the fastest venous flow in various regions. There are different values for the
ankle, calf, knee, lower thigh and upper thigh regions, which are 18 mmHg, 14 mmHg,
10 mmHg and 8 mmHg, respectively [9].

Compression stockings can be worn for an entire day because they maintain compres-
sive pressure and do not lose their elastic stretch recovery over many hours. Changes in
body posture significantly influence the skin pressure profile [10]. Nowadays, the biggest
challenge for compression products and new devices is to make the compression more
comfortable and acceptable for patients [11]. Usually, comfort is related to three aspects,
namely thermo-physiological, sensorial and psychological factors. The sweat absorption
and drying abilities are the main components of thermo-physiological comfort. It has
been observed that the structural parameters of the knitted fabrics play an important role
in determining the moisture management and thermal properties [12,13]. Researchers
investigated the effects of the materials and structural parameters of compression stockings
on the skin pressure distribution via material testing and wear trials [14]. Bruniaux et al.
developed different models to study the effect of yarn on compression [15].

Cieślak et al. analyzed the impacts of pressure measurement methods along with
two types of knitting structures, i.e., warp knitting and weft knitting, on the compression
values using the same materials and concluded that that pressure values were lower in the
warp-knitted fabric as compared to the single-jersey weft-knitted fabric in both vivo and
vitro tests [16]. Troynikov et al. studied the effects of the physical attributes of warp-knitted
tricot and single-jersey weft-knitted products on compression values. They concluded
that the degree of compression pressure directly influences the construction and fit of the
garment, the structure and physical properties of the material and the size and shape of
the garment [17]. Liu et al. studied plain and rib structures developed on circular sock
machines and conducted in vitro and in vivo testing of the compression pressure, finding
consistent results [18]. Partsch et al. studied the compression and stiffness parameters
of different compression stockings that involved European standards classes 1, 2 and 3
with pressure ranges of 15–21, 23–32, 34–46 mmHg, respectively [19]. Alisauskiene et al.
investigated the effects of the linear density and insertion density of double-covered inlay
yarn on the mechanical behavior (such as the washing and drying shrinkage percentage
and compression behavior) of weft-knitted orthopedic supports [20]. Sarı et al. investigated
the effects of process parameters, i.e., elastane yarn fineness, feeding tension and tightness
factor, on the pressure of compression stockings [21]. Similarly, in another study researchers
investigated the effects of the elastane yarn count on the extensibility and bursting strength
of stockings [22].

The development of compression stockings is a complex process, and most of the
scientific knowledge available is primarily focused on the study of readymade stockings,
pressure evaluations and material properties [4,14,19,23,24]. Although compression stock-
ings have gained popularity in recent years, the knowledge available on their performance
in terms of thermo-physiological comfort remains scarce.
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The aim of the present study was to develop compression stockings with different
patterns and structures by changing the inlay yarn density and laid-in stitches while
keeping the compression class constant. Compression testing was carried out using two
different methods and their correlation was established. Stretch and recovery% values were
also investigated for all samples. Additionally, the effects of the inlay yarn density and
laid-in stitches on thermo-physiological comfort properties were also studied. All of the
developed samples were compared with the control sample from the market. Furthermore,
the current study focused on the optimization of the above fabric properties using principal
component analysis (PCA). The study is expected to provide solutions for more comfortable
compression stockings for patients.

2. Materials and Methods

2.1. Materials

Compression stocking samples were purchased from different commercial brands,
e.g., TED® (D) and Sockey® (C) of Germany and China, respectively. The purchased
samples were of compression class I, which is more commonly referred to as the standard
in clinical application [25]. Class I is used for minor varicose veins, venous insufficiency
and mild edema. All of the samples available on the market have a plain–single-jersey
(1 × 1) structure (without insertion). Such a sample was used as a control for comparison
purposes. The yarn specifications of the developed samples are shown in Table 1. The
analysis was performed with great precision and accuracy under standard atmospheric
conditions.

Table 1. Yarn specifications.

Sample Yarn Parameters Units
Plaiting Yarn
(SCV) Linear

Density (Denier)

Inlay Yarn DCV
Linear Density

(Denier)

Main Yarn/Ground
Linear Density

(Denier)

Developed
samples

Overall Linear
density Denier 92 ± 2 320 ± 2 150 ± 2

Top Covering
linear density Denier 70 ± 1 20 ± 1 -

Bottom covering
linear density Denier - 20 -

Elastane (Lycra)
linear density Denier 20 ± 1 160 ± 2 150 ± 2

Type - Multifilament Multifilament Multifilament

Nylon No. of
filaments - 24 20*2 48

Composition
PU/PA Fraction 0.08/0.92 0.56/0.44 0.0/1.0

Color - Raw white Raw white Raw white

Cross section - Round Round Round

Due to the different machine settings, V-shaped socks were produced using three
types of yarn, i.e., main, plaiting and inlay yarns. In this research work, three types of
fiber materials were used, i.e., 100% polyamide (PA 6.6) filament yarn as the main yarn,
polyurethane (PU(Lycra®))/PA6.6 single-covered (SCV) yarn as a plaiting yarn or ground
yarn and PU(Lycra®)/PA6.6 double-covered (DCV) yarn as an inlay yarn, as mentioned in
Figure 1. All yarns were imported from China.

6
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Figure 1. Schematic diagram of yarn.

The yarn specifications are given in Table 1.

2.2. Methods

Compression stockings were manufactured using a professional circular compression
knitting machine. The machine was a Merz CC4-2 instrument from Germany, with a 12 cm
diameter, E 24 machine gauge, 360 needles and 4 feeders, including two furnishers. The
first feeder has 10 fingers, while the second, third and fourth feeders have 8 fingers. For the
development of compression stockings, inlay yarn was fed at the first and third feeders,
while the plaiting yarn and main yarn were fed through the second and fourth feeders,
respectively. At feeder no. 1, in finger 2 and feeder 8, nylon filaments yarn was used for foot
formation. At feeder no. 3, double-covered yarn in finger no. 4 and nylon filament yarn in
finger 6 were fed for top welt formation. The inlay yarn arrangement is the main decisive
factor in the manufacturing of different knitted structures. Compression stockings were
made in plain and mock rib structures. A total of six samples were developed, representing
the plain, rib 2 × 2 and rib 1 × 3 structures. The samples differed according to their inlay
yarn insertion pattern (laid in stitch) and structure. In the first 3 structures, with sample
codes P, R1 and R2, the inlay yarn was inserted after one empty course, while in other
three samples with codes IP1, IR1 and IR2, the inlay yarn was inserted in each course. At
the start the welt was formed and after 2–3 steps or courses the welt was completed. The
graduated pressure regions denoted as points C, B1 and B in Figure 2 were manufactured
as per the program. In the final step, the foot portion was manufactured.

Figure 2. Graduated compression stocking with different compression levels.

7



Polymers 2022, 14, 2045

The compression stockings were made in plain and mock rib structures (longer inlay
threads floating at the back, forming a mock rib visual effect). The samples and their codes
are listed in Table 2.

Table 2. Experimental samples and codes.

Sample No. Sample Code Sample Name/ID

1 P Plain

2 R1 Rib 2 × 2

3 R2 Rib 3 × 1

4 IP1 insertion every course Plain

5 IR1 Insertion Rib 2 × 2

6 IR2 Insertion Rib 3 × 1

Loop configurations and structures and fabric simulations were constructed using the
SDS-ONE APEX platform (Shima Seiki, Wakayama, Japan), as shown in Table 3 [26]. The
corresponding microscopic images from the front and back views were also taken using an
OPTIKA C-B 10 microscope (via Rigla, 30 24010 Ponteranica BG-Italy, SN 536495) with an
M-144 fixed microscope adaptor.

Table 3. Structural representation and systematic diagrams of the developed samples.

Sample Code Sample Id Loop Structure
Fabric View Microscopic View

Front Back Front Back

P Plain

     

R1 Rib 2 × 2

     

R2 Rib 1 × 3

     

8
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Table 3. Cont.

Sample Code Sample Id Loop Structure
Fabric View Microscopic View

Front Back Front Back

IP1 Insertion
Plain 1 × 1

     

IR1 Insertion Rib
2 × 2

     

IR2 Insertion Rib
1 × 3

     

All of the developed samples were of compression class 1 (C1), i.e., 18–21 mmHg and
medium (M) size. The graduated pressure percentages for the class 1 samples were in line
with Quality Assurance RALGZ 387/1 [27], as shown in Table 4.

Table 4. Gradients of the studied compression stockings [18,27].

Sr. No Pressure Points Required Pressure in Percentage

1 B (ankle) 100

2 B1 70 to 100

3 C 50 to 80

5 D, E, F, G 20 to 60

In the present study, the developed calf (below-knee) stockings contained 3 pressure
regions, i.e., B, B1 and C. The pressure levels are shown in Figure 3.

Washing Method

The samples were washed according to Australian guidelines AS-2001:5-2005. Mild
detergent was used in water and a soapy solution was prepared. The washing agent
should not contain any bleaching agent, additives or chlorine because such substances
weaken the elastic behavior of compression socks [28]. The samples were soaked in mild
detergent solution for 5 min. Next, the stockings were shaken in the liquid for 2–2.5 min
and then rinsed off with water. The excessive water was removed from the stockings by
pressing them between the palms gently and then they were dried for 24 h on a flat surface.
The washing and drying process was performed at room temperature. All testing was
performed after washing.

9
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Figure 3. Pressure levels in the compression stocking.

2.3. Testing
2.3.1. Yarn Linear Density

Linear density values of the yarns were tested as per ASTM D 1059-17, and the
numbers of filaments were counted using a microscope (Beck London 35288, Model 47,
London, UK).

2.3.2. Physical Properties

Testing was performed after washing and at all reference points, as shown in Figure 2.
These explanations are given only for point B, as this is the main reference point of interface
pressure and also shows the maximal extension during movement. An analysis was
performed of the physical properties of the stockings, i.e., courses per centimeter (CPC),
wales per centimeter (WPC), areal density (GSM) and thickness. Courses and wales per
cm were counted using counting glass as per laboratory practice. Thickness values were
measured as per ASTM D1777, using a 99-0697 thickness tester (Framincham, MA, USA).
To determine the areal density values (g/m2) of stockings, a model JH-10-36 GSM cutter
(Jenhaur Co. Ltd., Taipei, Taiwan) was used to cut samples according to ASTM D 3776.

2.3.3. Stretch and Recovery Percentages

The stretch and recovery ability is very important for properly fitting socks. Stretching
is also directly linked to the comfort of a garment, as it relates to the ease of wearing a
garment. The optimum level of stretchiness is a basic requirement in knitted stockings to
support blood flow in the legs and feet. This is one of the most important performance
characteristics. Poor stretching results in a poor fit, leading to performance shortcomings
such as discomfort. Compression stockings should be designed such that they maintain
a uniform interface pressure gradient over the limb for effective recovery results [29,30].
Stretch measurements of all compression stockings were performed on a CETME Attrezza-
ture Per Calzific instrument from Reggio Em., Italy, as per ASTM D 2594. The stretchiness
is the amount of extension of the fabric under a determined force, while the elasticity is the
fabric’s recovery ability after stretching, which determines the dimensional stability of an
elastic garment.

Stretch and recovery % values were calculated using Equations (1) and (2).

10
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The stretch percentages were calculated using Equation (1):

Fabricstretch% = (B − A)/A × 100 (1)

where A is the original distance between marked points prior to the application of tension,
B is the distance between benchmark points on the specimen under tension.

For the calculation of the recovery percentages, Equation (2) was used:

Fabricrecovery% = (B − D)/(B − A)× 100 (2)

where A is the original distance between marked points prior to the application of tension,
B is the distance between benchmarks on the specimen under tension and D is the distance
between benchmarks after the release of tension.

2.3.4. Shrinkage %

All the samples were tested in circumference and transversal directions after washing.

2.3.5. Compression Testing

Compression testing can be performed in two ways in vivo (direct or wearer method)
and in vitro (indirect or model method) using different instruments, such as a HOSY system,
tensile testing device, HATRA and medical stocking tester (MST). In the present research,
an in vitro method was adopted to evaluate the compression pressure values. A Sazlmann
AG stocking measuring device available in different MST models (e.g., MST, MST II, MST
III, MST IV and MST V models) (Salzmann AG, St Gallen, Switzerland, MST MK V), as
shown in Figure 4, was used in the present research. The measurement principle of MST
is based on the use of a pressure transducer. The compression testing was performed
according to 387/1-2008, using quality and testing specifications for medical compression
hosiery prescribed by RAL German Institute for Quality Assurance and Labeling [27].
A pneumatic probe or sensor was placed between a wooden leg and stocking samples.
Compression pressure values were measured at the pressure points, e.g., the ankle (B),
gaiter (B1) and calf (C). The samples were placed vertically along a wooden leg model
with a circular cross-section. In compression garments, mmHg is commonly used as the
unit of compression pressure to define the pressure dosage (1 mmHg = 133.322 Pascal).
All pressure values were noted in mmHg. The pressure values were measured when each
reading was stable. Three readings were taken at each point and the average was used for
analysis. Three measurements were taken at each measurement point after an interval of
three minutes.

 

Figure 4. A medical stocking tester (MST) and MK V pressure measurement device.
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All compression stockings were designed on the principle of elastic compression.
Compression stockings on the leg generate the pressure with which the stocking presses
the leg. Laplace’s law explains how the pressure is exerted by stockings on the limb. It
has been reported that pressure exerted by a strip on the surface of a human leg can be
determined by Laplace’s law. This law is now widely used to explain and assess the
pressure delivered to a limb of a known radius by a fabric under known tension [31,32].
Equation (3) is shown below:

P = T/r (3)

where P denotes pressure (Pa), T is the tension of the compression material on the leg
(Nm−1), r is the radius (m) of the limb surface on which it is applied and W is the width in
meters. Mathematical models were developed on the basis of Laplace’s law. Compression
measurements were also carried out using a tensile testing device to compare the two
methods. A tensile testing machine (LLOYD, LRX Plus, Largo, FL, USA) was used for
measurements of fabric tension during extension [21]. Extension in the course direction was
chosen because compression stockings are stretched in the transversal direction to generate
pressure during wear. The tensile properties were evaluated at pressure point “B” using the
same machine settings. The device gauge length was set to 86 mm, while extension using a
constant traverse speed of 100 mm/min and load cell of 100 N was used. The specimen
width was 8 cm and the radius was 4 ± 0.4 cm for all samples. A comparison was made
between calculated pressure and experimental measurements using an MST instrument.

2.3.6. Thermo-Physiological Comfort Properties

The air permeability (AP) of all samples was tested using an air permeability tester
(M021A, SDL Atlas, Newark, NJ, USA) as per the ISO-9237 standard under a pressure of
100 Pa. In total, ten readings were taken and the average was calculated.

Moisture management of the samples was checked using a moisture management
tester (M 290 SDL Atlas, Newark, NJ, USA) as per the AATCC-195 standard. In total, three
readings were taken and their average was calculated.

Thermal properties of samples were checked by Permetest, Liberec, Czech Republic as
per standard ISO-11092. Five readings were taken, and average was calculated.

All experiments were carried out at a standard atmosphere, i.e., 21 ± 1 ◦C temperature
and 65 ± 2% relative humidity in compliance with ISO 139:2005 standard.

2.3.7. Data Analysis

Means and standard deviations were computed for all test results. In the process
of manufacturing a standardized product, variability is considered the main hurdle in
achieving the desired product quality. Different researchers have proven the process
optimization technique as the best solution for not only improving the quality but also
reducing error in the development of the final product. The optimization techniques
include grey relational analysis (GRA), principal component analysis (PCA), desirability
function, artificial neural network (ANN), fuzzy logic, data development and analysis
and weighted signal-to-noise (WSN) approaches [33,34]. PCA explains the variation in
a set of parameters through a few linear combinations called principal components in
order to reduce the original data set and refine the linear relations that exists among the
variables. Each principal component explains the percentage of overall variation among the
variables. These principal components are ranked in descending order, from the maximum
to the minimum. In PCA, multiple response variables are converted using eigenvalues as
weights into a single response, called a multi-response performance index (MRPI), which
is computed by adopting the following procedure. MRPI values are computed by first
computing the signal-to-noise and normalized signal-to-noise ratios of each response using
the standard method described in earlier studies [35].

The samples and their codes are shown in Table 2. The finishing experiments were
conducted in three independent replicates for each sample and the data reported are
the mean values of three readings. In the present study, PCA was employed to identify
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the best parameters for samples subject to the simultaneous optimization of multiple
responses in the development of stockings, including compression by MST, air permeability,
thermal resistance, overall moisture management capacity (OMMC), stretch %, recovery %,
shrinkage %, thickness and areal density.

3. Results and Discussion

The physical features, dimensional properties (i.e., shrinkage, stretch and recovery
%) and thermo-physiological comfort properties of the control sample from the market
(denoted as C) and of the developed samples (P, R1, R2, IP1, IR1, IR2) were analyzed.

In total, 6 sets of experimental runs and corresponding experiments on the nine
responses were performed, including compression by MST (mmHg), air permeability
(AP in mm/sec), thermal resistance (TR in m2K/W), OMMC, stretch (%), recovery (%),
shrinkage (%), thickness (mm) and areal density (g/m2), with the results given in Table 5.

Table 5. Details of experiments and mean experimental results.

Experimental
Run

Sample Responses

Sample
Code

Y1:
Compression

by MST
(mmHg)

Y2: AP
(mm/s)

Y3: TR
(m2K/W)

Y4:
OMMC Y5: Stretch (%) Y6: Recovery (%) Y7: Shrinkage (%)

Y8: Thickness
(mm)

Y9: Areal
Density

(g/m2)

1 P 19.4 534.06 0.03 0.58 63.73 98.55 −2.5 0.75 221
2 R1 21.1 572.07 0.02 0.59 65.03 98.55 −1.31 0.94 220
3 R2 18.7 689 0.01 0.79 62.5 100 0 0.99 239
4 IP1 24.5 488 0.02 0.64 62.86 94.69 −2.5 0.71 257
5 IR1 20.03 504.03 0.02 0.71 63.42 100 0 0.9 260
6 IR2 22 627.05 0.04 0.77 62.5 96 −6.25 0.87 252

The fabric areal density and thickness values of all samples (P, R1, R2, IP1, IR1, IR2
and C) are compared in Figure 5.

Figure 5. Physical properties of graduated stocking at point B.

The areal density and thickness of the fabric are important properties. The areal
density and thickness were measured and compared on the basis of the pattern of insertion
of the inlay yarn and structure, as shown in Figure 5. Samples IP1, IR1 and IR2 were
found to have higher areal density or GSM values due to the insertion of inlay yarn in
every course, which led to increased fabric weight per unit surface area. As the number
of tuck stitches increases, the accumulation of yarn in the tucking zones increases, which
leads to increases in weight. In 1 × 1 samples, the inlay yarn was tucked in one wale and
floated in the next wale consecutively. In 2 × 2 samples, the inlay yarn was tucked into
two wales followed by two floating loops. In 1 × 3 samples, the inlay yarn was tucked in
one wale followed by three floating loops. The effect of the thickness on the pattern was
not significant. Patterns with lower insertion density values were found to have higher
levels of thickness. This may be attributed to the increased bulkiness of the samples. By
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increasing the number of missing stitches in the inlay yarn, the thickness was increased,
as was observed by other researchers [36]. The properties of the developed samples were
compared with the control sample (C) from the market.

3.1. Stretch % and Recovery %

As the inlay yarn insertion density increased, the stretch % and recovery % decreased.
This may have been due to the tight structures, whereby movement of yarn was restricted.
This trend is illustrated in Figure 6. The stretching is inversely proportional to the tightness.
As the structure becomes tighter, the level of stretching decreases. In the 1 × 1 structure,
1 floating loop length alternatively appeared in the wale, while in the other wales it was
tucked. A tucked wale is less stretchable than a floating wale. The reason for the lower
level of stretching was the alternative tuck pattern of the inlay yarn in the wale direction.
In the 2 × 2 structure, the two consecutive floating loops of inlay yarns led to greater
stretching in the fabric. These two floats do not pass through any loops when the force
is applied. Thus, the fabric stretches without any restriction from the knitted loops. In
the 1 × 3 structure, there were three consecutive floating loops of inlay yarn, which were
then tucked in the same wale. This arrangement increases the restriction to movement and
reduces the extensibility [36].

 

Figure 6. Dimensional properties of compression stockings.

3.2. Shrinkage %

Shrinkage is also an important factor influencing the dimensional stability during
washing. Due to the elastomeric yarns, the fabric dimensions changed. The circumferences
of the stockings were reduced after washing due to shrinkage in the knitted structures.
The shrinkage is reduced if a structure is knitted with a smaller number of inlay yarns.
It can be observed that with an increase in inlay yarn, the circumference of the stocking
is reduce. Shrinkage of less than +6% is not considered significant. Normally, increasing
the tuck loop results in higher stability and shape retention in knitted structures [37]. The
recovery % values of all tested samples were found to be above +94%, which implies that
the compression textiles sustained their properties after washing.

3.3. Compression Measurement

The compression pressure measurements were performed using two methods. All
samples satisfied the requirements for class 1 compression, irrespective of the inlay yarn
insertion density and structure.

Using the MST method, compression testing was performed on each pressure point in
the control and developed samples. Using the tensile testing method, compression was
measured only at point B in the developed samples. Point B is the most crucial pressure
point for compression stockings. As we move from point B to B1 and B1 to C, the structure
becomes wider as the stitch length increases; thus, the compression value decreases. This
phenomenon is known as gradual compression. During knitting and testing, it was verified
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that the compression of all the samples remained gradual and within the class 1 pressure
range according to the RAL 387/1 standard. This pressure range helps the blood to flow in
the upward direction due to the lower pressure at higher points.

From the results, it is clear that a knitted pattern where inlay yarn is inserted in ev-
ery course has better compression properties. Samples where the inlay yarn is inserted
in alternating courses generate lower levels of compression, as supported by other re-
searchers [36,37]. Xiong et al. [38] also stated that the inlay yarn provides the required level
of compression in elastic fabrics, while the main yarn provides the stiffness and thickness.
To achieve a higher level of compression, it is necessary to increase the density of the inlay
yarn. Tables 6 and 7 summarize the results.

Table 6. Average pressure values.

Sample Code Measuring Points Compression Values (mmHg)

C

B 20.1

B1 14.2

C 13.5

T

B 16.1

B1 14.9

C 12.5

P

B 19.4

B1 14.3

C 13.2

R1

B 21.1

B1 15.4

C 11.1

R2

B 18.7

B1 12.5

C 10.7

IP1

B 24.5

B1 16.8

C 11.2

IR1

B 20

B1 17

C 12

IR2

B 22

B1 17.3

C 13.7
Note: The pressure exerted on the leg: 1 mmHg = 133.3 Pa.

Table 7. Comparison of results using both methods.

Sample Code By MST MKV By Laplace Equation (mmHg) Difference Deviation %

P 19.4 19.66 −0.26 −1.34021

R1 21.1 20.95 0.15 0.7109

R2 18.7 17.22 1.48 7.914439

IP 24.5 30.02 −5.52 −22.5306

IR1 20 31.52 −11.52 −57.6

IR2 22 28.08 −6.08 −27.6364
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The pressure was calculated using Laplace’s equation and was measured using MST
(R = 4.07 cm) compression at point B [39,40].

The deviation percent was calculated as the difference between the measured compres-
sion using the MST and pressure calculated using Laplace’s equation. The results in Table 6
show that the deviation values when applying Laplace’s equation for point B ranged from
±0.7% to ±57.6%. There was significant deviation when applying Laplace’s equation in all
samples when compared with the practically measured compression values using the MST
method. The deviation was higher in points where the inlay yarn insertion was increased.
This is because more pressure is exerted with a higher inlay yarn insertion density. The
theoretical pressure values calculated using the equation did not accurately predict the
values found using the experimental method due to several limitations, as explained by
other researchers [41–44]. The correlation coefficient of the interface pressure using both
experimental and theoretical methods was found to be 0.632, as shown in Figure 7. Lower
R values depict smaller correlations between the two methods.

Figure 7. Correlation between measured and calculated compression pressure.

3.4. Comfort Properties
3.4.1. Air Permeability

The air permeability is an important property with respect to comfort, especially
regarding the breathability of compression stockings. These stockings are worn for the
majority of the day, meaning a lack of comfort negatively affects performance. Under real
conditions during wear, stretching of the stocking would cause increased interloop spaces,
which would also affect air permeability. From point B to B1 and from B1 to C, the structure
becomes wider the and stitch length increases. As a result, the air permeability increases.

From the Figure 8a, it is clear that stocking samples without insertion show higher
air permeability due to the lack of insertion of the inlay yarn, as compared to samples 4–6,
where insertion of the inlay yarn is performed in each course. The inter-yarn pores are
the most important components, which influence the porosity of the fabric structure and
facilitate the passage of air.
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Figure 8. Thermo-phycological comfort properties of the developed stockings.

The type of structure also has a strong influence on the air permeability, as it affects
the spaces in the loop, which determine the porosity and ultimately the air permeability.
This can be seen in the optical or microscopic images of fabrics shown in Table 3.

Due to the arrangement of tucked and missed stitches in the inlay yarn in the devel-
oped knitted structures, a visible difference in air permeability can be observed. In the
1 × 1 structure, the inlay yarn is tucked in the wales alternatively with a floating loop. In
the 2 × 2 rib structure, the inlay yarn is fed in two wales followed by two floating loops.
In the 1 × 3 rib structure, the inlay yarn is fed into one wale followed by three floating
loops. Due to the longer float length of the inlay yarn, spaces in the loops and the pore size
increase, which leads to higher air permeability. Missed stitches in knitted fabrics result in
lower surface area and allow the air to pass through easily. The commercial control sample
(C) had a 1 × 1 structure without insertion and had comparable air permeability to the
developed samples.

3.4.2. Thermal Resistance

While moving from point B to C, the structure becomes wider as the tightness decreases
and stitch length increases. This results in emptier spaces in the structure at higher points,
while the thermal resistance decreases.
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It can be observed from Figure 8b that samples without the insertion of inlay yarn
in every course show higher thermal resistance than samples with insertion. The reason
may be due to the lower thickness of theses samples. The fabric thickness has a profound
effect on the thermal resistance. The type of structure has a significant effect on the thermal
resistance. More compactness in the structure results in higher thermal resistance, as
stagnant air is entrapped in small pores. Stagnant air has the lowest thermal conductivity
when compared with other fibers and solids. It has been previously reported that dead air
pockets in knitted structures increase the thermal resistance of the fabric [45].

The thermal resistance of stagnant air is higher than that of fiber. From the microscopic
images, it is evident that sample R2 has bigger pores. Therefore, air cannot be entrapped in
it due to the longer floating loops as compared to R1 and P. The accumulation of yarn due
to tucked stitches affects the dead air pockets, which increases the thermal resistance. As
the float length increases, the dead air pockets decrease. The commercial sample had lower
thermal resistance than the developed samples.

3.4.3. Overall Moisture Management Capacity (OMMC)

Appropriate moisture management is essential for stockings to prevent the formation
of wet conditions, which leads to reduced tolerance of the human tissues to shear stress
and friction. A higher moisture content and sweating lead to uncomfortable conditions for
the wearer. Moisture management is a very important property facilitating the evaporation
of generated sweat. Overall, the developed stockings exhibited reasonably good moisture
management properties. The samples showed OMMC values higher than 0.5, which were
in the good (0.4–0.6) and very good grade range (0.6–0.8).

The commercial sample had an OMMC value lower than 0.5, making it uncomfortable
to wear in summer season.

From the Figure 8c, it can be observed that the samples with the insertion of inlay yarn
in every course exhibit lower OMMC values than samples without insertion. This is due
hindrance of the vapor transfer due to the presence of tuck loops. These loops may stop
the flow of water in capillary spaces. The 1 × 1 structure shows a lower OMMC value than
the other structures, e.g., 2 × 2 and 1 × 3. Due to the alternating tuck and miss stitches, the
transmission of vapor decreases, which leads to an increased wetting time and decrease in
spreading speed. With more tuck points, the 2 × 2 structure exhibits a higher OMMC value
than the 1 × 1 knitted structure. This is due to the higher number of tuck points, which act
as capillary channels for moisture transmission from inner to outer surfaces. As the density
of the missed stitches increases, the OMMC also improves.

3.4.4. Principal Component Analysis (PCA) of the Results

The multi-response optimization of the nine responses was computed by performing
the following steps.

In the first step, the signal-to-noise ratio of each response in each run was commuted
depending on the quality characteristics by adopting the standard method. The results
are shown in Table 8. For comparison purposes, the normalized signal-to-noise ratios of
all responses were computed depending on the quality characteristic, e.g., the higher the
better, the lower the better or the more nominal the better. In the present study, the quality
characteristics are compression MST (mmHg), AP (mm/s), OMMC, stretching (%) and
recovery (%). For these characteristics, the responses were taken as the higher the better.
However, for thermal resistance (TR in m2K/W), shrinkage (%), thickness (mm) and arial
density (g/m2), the responses were set as the lower the better. Normalized signal-to-noise
ratios are given in Table 9.
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Table 8. Signal-to-noise (S/N) ratios of the responses.

Factor Responses

Run Sample
Code

Compression
(mmHg)

AP
(mm/s)

TR
(m2K/W)

OMMC Stretch (%) Recovery (%) Shrinkage (%)
Thickness

(mm)

Areal
Density
(g/m2)

1 P 25.76 54.55 0.03 −4.79 36.09 39.87 −7.96 2.54 −46.89

2 R1 26.49 55.15 0.02 −4.64 36.26 39.87 −2.33 0.57 −46.85

3 R2 25.44 56.76 0.01 −2.05 35.92 40.00 −1.58 0.12 −47.57

4 IP1 27.78 53.77 0.02 −3.93 35.97 39.53 −7.96 3.01 −48.20

5 IR1 26.03 54.05 0.02 −3.02 36.04 40.00 −1.58 0.92 −48.30

6 IR2 26.85 55.95 0.04 −2.24 35.92 39.65 −15.92 1.24 −48.03

Table 9. Normalized S/N ratio.

Factor Responses

Run Sample
Code

Compression
(mmHg)

AP
(mm/s)

TR
(m2K/W)

OMMC Stretch (%) Recovery (%) Shrinkage (%)
Thickness

(mm)

Areal
Density
(g/m2)

1 P 0.136 0.261 0.546 0.000 0.492 0.732 0.445 0.165 0.027

2 R1 0.447 0.461 0.257 0.055 1.000 0.732 0.052 0.844 0.000

3 R2 0.000 1.000 0.000 1.000 0.000 0.993 0.000 1.000 0.496

4 IP1 1.000 0.000 0.415 0.315 0.145 0.000 0.445 0.000 0.931

5 IR1 0.254 0.094 0.164 0.646 0.369 1.000 0.000 0.724 1.000

6 IR2 0.602 0.727 1.000 0.933 0.001 0.252 1.000 0.611 0.813

As discussed earlier, PCA explains the variation in a set of parameters via linear
combinations. Fewer variables are preferred in order to reduce the original linear relations
between the variables. Each principal component (PC) corresponds to a percentage of
the total variation. In this study, PC1 represents the linear combination that explains the
maximum variance (43.6%), followed by PC2, PC3 and PC4 (52.1%). The last five PCs
(PC5–PC9) contribute to less than 5% of the variance. The first four PCs represent almost
96% of the total variance among the data set, as shown in Table 10. The next step is to
decide the number of PCs retained.

Table 10. Eigenvalues of the six remaining objectives.

PC1 PC2 PC3 PC4 PC5 PC6

Eigenvalue 3.9269 2.7173 1.4085 0.5704 0.377 0

Proportion 0.436 0.302 0.156 0.063 0.042 0

Cumulative 0.436 0.738 0.895 0.958 1 1

As per the Kaiser–Guttman principle, the first three principal components (PC1, PC2,
PC3) with eigenvalues greater than one were kept for further analysis (Table 10).

The normalized signal-to-noise ratios were taken for the analysis using Minitab 17.
The first three components had eigenvalues greater than one, as shown in Table 10. The
scree plot shown in Figure 9a was taken for further analysis. The normalized S/N ratios
were used to perform the multivariate analysis using Minitab 17. The first and second
principal components had eigenvalues greater than one. Thus, they were considered for
further analysis. The principal component analysis matrix is given in Table 11. The results
are presented in Figure 9b.
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Figure 9. Scree plot and MRPI values.

Table 11. Principal component analysis matrix.

Principal
Component

Eigen Value Proportion Eigen Vector

First 3.9269 0.436 0.425 0.306 −0.385 −0.635 0.482 0.476 −0.413 0.383 −0.225

Second 2.7173 0.302 0.1 −0.407 −0.079 −0.598 0.5 −0.021 −0.16 −0.274 −0.331

Third 1.4085 0.156 −0.193 0.451 0.472 −0.108 0.164 −0.031 0.412 0.1 −0.563

From the results given in Table 11, the order of the multi-response performance index
(MRPI) values for the second, third and first runs was obtained as first, second and third
highest, respectively, as illustrated in Table 12 and Figure 9b. This implies that samples R1,
R2 and P may be more effective than samples IP1, IR1 and IR2.

Table 12. Normalized S/N ratios and MRPI values.

Factor Responses

Run Sample
Code

Compression
(mmHg)

AP
(mm/s)

TR
(m2K/W)

OMMc Stretch
(%)

Recovery
(%)

Shrinkage
(%)

Thickness
(mm)

Areal
Density

(g/m2)

MRPI
Values Order

1 P 0.136 0.261 0.546 0.000 0.492 0.732 0.445 0.165 0.027 0.386 3

2 R1 0.447 0.461 0.257 0.055 1.000 0.732 0.052 0.844 0.000 1.330 1

3 R2 0.000 1.000 0.000 1.000 0.000 0.993 0.000 1.000 0.496 0.415 2

4 IP1 1.000 0.000 0.415 0.315 0.145 0.000 0.445 0.000 0.931 −0.258 5

5 IR1 0.254 0.094 0.164 0.646 0.369 1.000 0.000 0.724 1.000 0.369 4

6 IR2 0.602 0.727 1.000 0.933 0.001 0.252 1.000 0.611 0.813 −0.741 6

4. Conclusions

The present study investigated the effects of the inlay yarn insertion density levels
in different knitted structures used as compression stockings. The compression values
and their comfort-related properties were evaluated at the graduated compression points.
For healthcare and medical usages, the application of inlay yarn and laid-in stitches is
crucial in order to provide the desired pressure in preventive stockings. From the results, it
was concluded that the developed samples had better comfort-related properties than the
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commercial sample taken from the market. The pressure was evaluated theoretically using
Laplace’s law and estimated experimentally using a medical stocking tester (MST). The
correlation was established with an R value of 0.632.

This study utilized a principal component analysis (PCA) for the simultaneous opti-
mization of properties in compression stockings. The simultaneous optimization process
suggested that stockings with inlay yarn insertion in alternate courses will show optimum
comfort results. The best sample exhibited a maximum air permeability of 700 mm/s,
minimum thermal resistance of 0.013 m2K/W and overall moisture management capacity
(OMMC) of 0.8, showing far superior results to the control sample collected from the
market. In this study, a total of 9 principal components were used. PC1 represented the
linear combination that explains the maximum variance (43.6%), followed by PC2, PC3 and
PC4 (52.1%). The last five PCs (PC5–PC9) contributed to less than 5% of the variance, while
the first four PCs represented more than 95% of the total variance among the data set. As
per the Kaiser–Guttman principle, the first three principal components (PC1, PC2, PC3)
with eigenvalues greater than one were kept for further analysis.

Consequently, when designing preventive graduated stocking with class 1 compres-
sion, it is necessary to choose the most appropriate inlay yarn insertion density and
structure combination. This approach is essential in order to improve the wearable comfort
properties and to achieve economic benefits by using the minimum amount of inlay yarn,
as it contains elastane and is expensive. In the future, more research is necessary to further
improve the comfort and dimensional stability of compression stockings by changing the
stitch lengths and linear density levels of the different yarns.
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Abstract: The textile industry is generating great environmental concerns due to the exponential
growth of textile products’ consumption (fast fashion) and production. The textile value chain today
operates as a linear system (textile products are produced, used, and discarded), thus putting pressure
on resources and creating negative environmental impacts. A new textile economy based on the
principles of circular economy is needed for a more sustainable textile industry. To help meet this
challenge, an efficient collection, classification, and recycling system needs to be implemented at the
end-of-life stage of textile products, so as to obtain high-quality recycled materials able to be reused
in high-value products. This paper contributes to the classification of post-consumer textile waste by
proposing an automatic classification method able to be trained to separate higher-quality textile fiber
flows. Our proposal is the use of near-infrared (NIR) spectroscopy combined with a mathematical
treatment of the spectra by convolutional neural networks (CNNs) to classify and separate 100%
pure samples and binary mixtures of the most common textile fibers. CNN is applied for the first
time to the classification of textile samples. A total of 370 textile samples were studied—50% used
for calibration and 50% for prediction purposes. The results obtained are very promising (100%
correct classification for pure fibers and 90–100% for binary mixtures), showing that the proposed
methodology is very powerful, able to be trained for the specific separation of flows, and compatible
with the automation of the system at an industrial scale.

Keywords: textile waste; recycling; reuse; classification; deep learning; NIR spectroscopy; circular
economy; post-consumer waste

1. Introduction

The textile industry is fundamental for society and everyday wellbeing (i.e., comfort
and protection). Different textile products are needed, such as household products and
personal clothes. Textile consumption has been exponentially growing in the last decade
(having doubled its production around the world in the last 15 years) due to low costs and
fast fashion [1,2]. Thus, large amounts of resources are extracted to produce clothes that
will last less than one year (due to being disposed of or underutilized). Therefore, there is
an urgent need for the implementation of new, sustainable textile consumption patterns
(e.g., textile renting), although this may not be easy [3].

Production of textile products generates great environmental impacts along their value
chain, including production of raw materials, manufacturing, and the products’ end of
life [1]. The main sources for raw materials in the textile industry are synthetic fibers (from
oil, a non-renewable resource) and natural fibers (mostly from farming, such as of cotton,
using great amounts of water and fertilizers) [4,5]. On the other hand, chemicals used
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during manufacturing processes (e.g., dyeing) [6] have the potential to cause environmental
and human health impacts [7].

At their end of life, textile products can be reused, remanufactured, recycled, inciner-
ated (with energy recovery), or landfilled. The degree of processing and the benefit for the
environment vary from one option to the other [8]. Although material recovery should be
prioritized [9], most of the textile clothes collected today are incinerated or landfilled, while
a small part is reused as second-hand clothes when possible [10]. Material recovery needs
a good classification method to separate the different materials for high-quality recycling.

Textile recycling rates (including reuse and remanufacture) account for only 13%
of world clothing, and usually this small recycled amount is used in lower-value appli-
cations [1]. Textile industry manufacturing activities have experienced few changes in
relation to traditional production systems, this being especially true in emerging countries,
which account for the majority of production [11]. Recycling and reusing textiles could
help to reduce the production of new textiles from raw materials and the associated use of
chemicals, water, and energy in the production stage [12]. However, the shift toward a more
circular textile industry still faces several challenges [13], especially in increasing the ratio
of textile waste collection and recycling. Whereas textile consumption has considerably
increased, textiles represent around 5% of landfill contents [14].

According to European legislation (Directive (EU) 2018/851) [15], selective collection
of post-consumer textile waste should be implemented in all associated countries before
January 2025, with the aim of increasing the recycling rate of textile waste in Europe. This
represents a great challenge, due to the increasing complexity of textile composition [8].

Therefore, it is necessary to implement an automatic classification system to allow the
correct separation of the different textile fibers, thus increasing their recyclability and the
added value of recycled textile materials. This system will contribute to moving from the
current linear textile system to a more circular one. Today, the classification of textiles is
mainly performed manually (with high human resource costs) and rarely automated; thus,
it is not possible to treat large amounts of waste each day [16].

The contributions of this paper are to the development of a sorting system able to sepa-
rate the most common pure textile fibers (i.e., cotton, linen, wool, silk, polyester, polyamide,
and viscose), as well as binary mixtures of viscose–polyester and cotton–polyester. The
proposed sorting method is compatible with an automatic textile classification approach for
textile fibers, and is based on a novel mathematical treatment (deep learning algorithms)
of the near-infrared (NIR) spectra. Algorithms based on convolutional neural networks
(CNNs) are applied to classify textile samples; NIR spectra can be registered through
optical fiber sensors in a continuously working process, thus allowing the large-scale
recycling of post-consumer textile waste. It should be noted that this approach can be
applied for classifying and sorting many other materials, including plastics, paper, or
leather, among others.

The near-infrared (NIR) region has a range from 750 to 2500 nm. The absorption of
radiation is due to the combination of overtones and bands from the fundamental vibrations
produced in the mid-infrared region [17]. These bands provide useful information, but
have important limitations, such as their low intensity, which is about 2–3 times lower
in magnitude compared to those in the mid-infrared. In addition, for a given molecule,
different overtones and combination bands appear in the NIR region, producing a large
number of overlapping bands, which makes it difficult to interpret.

Almost all of the absorption bands observed in NIR come from overtones of the
stretching vibrations of AHx groups or combination bands of these groups. They are
mostly due to overtones of the CH, OH, and NH groups, although in some cases the bands
corresponding to PH and SH groups can be observed.

The high degree of bands overlapping and the complexity of the spectrum, together
with its dependence on the sample’s physical state, make it difficult to perform simple
calibrations (at one or a few wavelengths) when working with the NIR technique. Thus,
the use of complex mathematical methods is needed to extract useful information from
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the spectrum. On the other hand, its dependence on chemical and physical parameters
requires the calibration to be very complete, and to take into account all of the expected
variability in the samples.

One of the great advantages of NIR spectroscopy is its versatility and adaptability to
analyze samples of different natures. For solid samples, the measurement is carried out by
diffuse reflectance. NIR radiation has the ability to significantly penetrate a solid sample
and acquire important information. This is one of the characteristics that make this form of
radiation an especially useful tool in the study of solids, as chemical information can be
obtained in a non-invasive and non-destructive way.

When measurements are carried out by diffuse reflectance, the use of an optic-fiber
probe allows the NIR spectrum to be recorded directly on the sample, without any previous
treatment, achieving a remarkable saving of time and avoiding the use of polluting reagents.

NIR spectroscopy has experienced a strong advance in recent decades, motivated
both by the development of new instruments—which allow the rapid recording of the full
NIR spectrum—and by the implementation of mathematical methods for the processing of
spectral information. Once calibrated, the NIR spectra can be used for the fast determination
of the properties of the analyzed sample [18]. Thus, this technique is being used in very
diverse industrial fields, such as food, biomedicine, pharmacy, petrochemicals, polymers,
and the textile industry, among others [19–22].

Thus, the aim of this paper is to develop an industrially scalable sorting method to
classify textile waste (composed of pure fibers and binary mixtures) by registering the NIR
spectra of the samples, followed by a mathematical treatment using convolutional neural
network (CNN) algorithms.

2. The Proposed NIR–CNN Approach and the Processing Methods

This paper analyzes the accuracy of two approaches for classifying unknown incoming
fiber samples, based on a supervised strategy by analyzing the NIR spectral data (XDSTM

Optiprobe Analyzer, FOSS AnalyticalA/S, Hillerod, Denmark) of such samples using
appropriate mathematical methods. These two approaches are summarized in Figure 1.

According to Figure 1, the NIR spectrum of the unknown textile sample is preprocessed
by applying the first or second derivative and mean-centering the obtained data. Next, two
paths are analyzed: The first consists of directly applying a convolutional neural network
(CNN) to the preprocessed spectral data to classify the sample into one of the preset classes.
The second path is more complex since, after the preprocessing stage, the resulting spectral
data are transformed through the principal component analysis (PCA) and canonical variate
analysis (CVA) algorithms, to reduce their dimensionality and prepare the data for the
classification stage, which is also achieved by means of a CNN.

2.1. Calibration and Prediction Data Subsets

The whole dataset is often split into calibration (or training) and prediction data
subsets [23]. This strategy allows assessment of the accuracy of the applied classification
methods by using a different set of samples (prediction subset) than the one used to calibrate
or train the model (calibration subset). It is worth noting that the prediction subset is not
used during the training stage. The whole set of available data was divided in a 50%/50%
proportion, i.e., half of the samples were assigned to the calibration set, and the remaining
half were assigned to the prediction set. This assignment was carried out at random.

For a fair training process and a good assessment of the results attained, the pertinence
class of the whole set of samples must be known. Then, the samples belonging to the
calibration subset must be labelled, with the labels assigning each sample to its class
(i.e., type of textile fiber), since the proposed approach is a supervised training process.
Although in this paper the pertinence class of the samples in the prediction subset is already
known, because it is necessary to assess the performance of the classification process, in
general, the pertinence class of the prediction samples is not known, and the classification
method must accurately estimate their pertinence classes.

26



Polymers 2022, 14, 2475

Figure 1. (a) Classification approach based on two different paths to classify an unknown fiber sample
into one of the preset textile fiber classes from the NIR spectrum. (b) Structure of the classification
dealt with by the CNN.

2.2. Data Processing Stage

It is a common practice to process the raw spectral data provided by the spectrome-
ter [24] to increase the accuracy of the classification stage. It should be noted that spectral
data are treated in matrix format. The matrix of raw data contains n rows (the number of
samples) and m columns (the number of wavelengths in each spectrum).

The usual data processing consists of obtaining the first or second derivative of the
spectra. Derivatives are applied with the aim of enhancing spectral differences. They act as
a specific type of baseline correction, removing constant background signals at the cost of
increasing noise. Derivatives are applied for enhancing the visual resolution, highlighting
spectral structures, and resolving overlapping peaks. It is known that each derivative stage
decreases the polynomial order by one. Whereas the first derivative allows the removal of
a constant offset, the second derivative also removes a linear term of the spectrum [25]. The
derivatives were obtained by means of the Savitzky–Golay smoothing and differentiation
filter, which applies a moving average of 5 points to determine the first derivative and
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10 points for the second derivative of the spectra. This means that the spectral data are
analyzed in raw, first derivative, and second derivative modes.

Next, the columns of the data matrix are mean-centered to remove any bias, so that af-
terwards the mean-centered columns have zero mean, and their variances remain unaltered.

2.3. Applied Dimensionality Reduction Methods

Prior to the application of the CNN it is possible to apply dimensionality reduction
methods, where dimensionality refers to the number of input variables or wavelengths
in the analyzed problem. These methods aim at reducing the number of variables in the
problem by combining the original variables into a condensed set of new variables. This
step is important because NIR spectra include thousands of wavelengths per sample, and
it is known that a large number of variables can reduce the performance of classification
algorithms [26].

The new variables, also known as latent variables, are usually obtained by linearly
combining the original variables, with the aim of retaining the same information and
rejecting the inherent noise contained in the original variables.

In this paper, the multiclass canonical variate analysis (CVA) dimensionality reduction
technique is applied. It condenses the significant spectral data into a small set of latent vari-
ables [27,28] calculated by linearly combing the original variables from the NIR spectrum.
The basic idea of CVA is to calculate a set of projection vectors v optimizing the Fisher
criterion—that is, to maximize the differences between different classes, while minimizing
the intraclass variability [29]:

J(vCVA) = max

[
vT

(1,m)B(m,m)v(m,1)

vT
(1,m)W(m,m)v(m,1)

]
(1)

where v is a vector, m is the number of wavelengths in the NIR spectra, and B is the
interclass dispersion matrix, defined as follows:

B(m,m) =
c

∑
i = 1

ni(xi − x)(xi − x)T (2)

and W is the intraclass dispersion matrix, defined as follows:

W(m,m) =
c

∑
i = 1

ni

∑
j = 1

(xij − xi)(xij − xi)
T (3)

where xi =
c
∑

i = 1
xij/ni, with i = 1,2, . . . c, xij represents the elements of the spectral data ma-

trix X(n,m), n is the number of samples, m is the number of original variables or wavelengths,

c is the number of classes defined in the problem, and x =
c
∑

i = 1
nixi/n, with n =

c
∑

i=1
ni.

From the matrix of projection vectors V, the new latent variables or canonical variates
(CVs) can be determined as Y(n,s) = X (n,m)V(m,s), with s = c − 1.

One of the major drawbacks of CVA is the requirement that the number of samples
be greater than the number of original variables. This requirement is often not fulfilled
in problems based on spectral data, since NIR spectra include thousands of variables
(wavelengths), while the number of samples is usually smaller. Therefore, it is imperative to
apply a suitable algorithm for reducing the dimensionality of the problem, i.e., the number
of variables before CVA can be applied. To this end, principal component analysis (PCA) is
applied before applying the CVA algorithm, because PCA is probably the most recognized
unsupervised algorithm for dimensionality reduction [30]. PCA allows calculation of
a reduced number of uncorrelated and orthogonal latent variables, known as principal
components (PCs) [31]. The PCs concentrate the significant information included in the
original variables [32], while explaining most of the variance in the whole set of samples.
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Although PCA calculates the same number of PCs as the number of original variables, only
the first PCs explaining a predetermined amount of variance are retained [33], whereas the
remaining PCs are not considered. To do so, the PCs must first be ranked in descending
order, i.e., the first PC is that explaining the greatest variance, whereas the last PC is the
one explaining the least variance. PCA is based on the singular value decomposition of
matrix X(n,m):

svd(X) = U(n,n) Σ (n,m)VT
(m,m) (4)

and the new latent variables can be obtained as follows:

Y(n,m) = X(n,m)V(m,m) (5)

By applying the PCA + CVA sequence, the dimensionality of the problem is greatly
reduced, to obtain a number of latent variables (CVs) equal to the number of classes
minus one. Once the CVs are calculated, the CNN algorithm can be applied to classify the
unknown textile samples, although the calculation of the PCA + CVA sequence is optional.

2.4. Convolutional Neural Networks (CNNs) for Classification

Artificial neural networks have shown their potential for successfully predicting
the structural properties of textiles [34]. CNNs are regularized, fully connected neural
networks. They were first applied to recognize handwritten numbers [35]. CNNs are
widely applied in image classification, financial time series, natural language processing,
or to classify waste from images [36], among many other applications. In this paper, CNNs
are applied to classify textile samples in different classes according to their composition.
The information only flows in one direction—i.e., from the input to the output—and the
number of parameters that the CNN learns is fewer than in other deep learning networks,
thus reducing the computational effort.

Figure 1b shows a basic diagram of a CNN, where the inputs can be videos, images,
spectra, or any other signal type, and the outputs are the probabilities of the corresponding
inputs belonging to each predefined class in the problem.

CNNs usually have three main parts, i.e., an input layer, a hidden layer, and an output
layer [37,38]. The hidden layers are vitally important, since they establish the relationship
between the outputs and the inputs of the NN, so it is important to define the architecture
according to the problem that is being addressed. The hidden layer consists of multiple
sublayers connected sequentially, and its depth (i.e., the number of sublayers) depends
on the complexity of the problem being addressed. As shown in Figure 1b, the typical
structure of a CNN consists of a convolutional layer followed by a pooling layer (“Max
Pooling” in Figure 1b), the final layer being a fully connected layer, which is connected to a
classification layer in order to output values of either 0 or 1, which define the pertinence
class of the input sample.

The convolutional layer is a fundamental part of the neural network, because it extracts
the relevant information from the input data [39] by applying the convolution operation
between the input matrix and a filter of a given size. The output is known as the feature
map. The complexity of the convolutional layer depends on the number of filters and
their size. The last component of the convolutional layer is the activation function, which
is applied to the feature map to avoid convergence problems. To this end, it applies
a nonlinear transformation by means of an activation function, such as the sigmoidal,
hyperbolic tangent, rectified linear unit (ReLU), or Maxout functions. The pooling layer
often follows the convolutional layer. It is applied to reduce the size of the data coming
from the convolutional layer, thus reducing the computational effort and improving the
classification accuracy [39]. Finally, the fully connected layer is where the classification
process takes place. Neurons in a fully connected layer are connected to all activations in
the previous layer. The fully connected layer compiles the data extracted by the preceding
layers to generate the final output.
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A CNN requires a specific data structure, so it is necessary to accommodate the input
data to the requirements of the CNN. Therefore, the input data are fed to the CNN as
a matrix, where the columns are the wavelengths of the spectral data, while each row
corresponds to a different sample. The output of the CNN is a classification matrix, where
every column corresponds to the probability of the sample belonging to each of the defined
classes, and every row refers to a different sample.

The next step is to define the structure of the CNN. In this case, two convolutional lay-
ers with the subsequent pooling layers were used, as shown in Figure 1b, as a compromise
between computational effort and accuracy. The fully connected layer has as many outputs
as the number of classes defined in the problem. In this case, the fully connected layer was
followed by a classification layer to ensure that only one of the output values was 1, with
the others being 0.

2.5. Training of the CNN

Two convolutional layers were selected after training CNNs with different numbers
of layers, this solution offering a good balance between computational burden and ac-
curacy [40]. The Adam solver was selected because it offers accurate results, since it
efficiently updates the neural network weights [41]. The results of the training process are
also highly dependent on the values of the different parameters of the CNN. To solve this
issue, an optimization approach was considered by applying the Bayesian optimization
algorithm (BOA) [42], because this requires fewer iterations in comparison with traditional
optimization algorithms. The BOA initially assumes a prior distribution model of the
parameters’ function, and uses the data obtained to optimize the training model. The BOA
finds the values of the parameters in a bounded domain to improve the result by finding a
global optimum (which minimizes the training error) using the information of the previous
analyzed point [43]. The BOA was applied to determine the optimal values of the number
of epochs (NE), the validation frequency (VF), the validation patience (VP), the verbose
frequency (VFreq), the number of filters in the first layer (NF_1st) and the number of filters
in the second layer (NF_2nd) during the training process. The BOA function implemented
in MATLAB® automatically stops when reaching any of the three following conditions:
reaching a fixed number of iterations (30 by default), a fixed time (no time limit by default),
or a stopping criterion.

3. Sample Collection and Identification

This paper analyzes textile fibers obtained from several catalogs of different companies.
The analyzed samples (textile fibers) included natural, synthetic, and artificial fibers, as
well as combinations of natural and synthetic/artificial fibers in different proportions.
Natural fibers include silk, wool, linen, and cotton. Synthetic fibers include polyamide
and polyester, while viscose is an artificial fiber. While artificial fibers are generated by
transforming natural products (e.g., viscose comes from cellulose), synthetic fibers are
generated from petrochemical polymers. Hereafter, artificial and synthetic fibers will be
referred to as manmade fibers.

A sequence of three studies was designed. For each study, the selected textile fibers
were chosen to include maximum variability, so different presentations (fabric or yarn) and
a multitude of colors (from dark to light) were included in the analyzed set of samples. The
three studies are described below (see Table 1):

• Study #1: To classify 100% pure textile samples among seven different classes (i.e.,
cotton, linen, wool, silk, polyester, polyamide, and viscose).

• Study #2: To classify mixtures of viscose and polyester in different percentages.
• Study #3: To classify mixtures of cotton and polyester in different percentages.

Samples were provided by different companies (a total of eight) in a span of 4 years
(2016 to 2019). A total of 52 different commercial catalogues together with additional spare
samples provided by the companies was used to obtain the resulting samples for each of
the three studies. The number of catalogues used in each study is presented in Table 1, as
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well as the number of samples per class and per study. The total number of samples used
(considering the three studies) was just above 300. Samples could not be classified visually
because their appearance varied widely. The composition of each sample is assured because
it is exactly defined in the catalogue provided by the company.

Table 1. Origin and number of samples used in each study.

Studies Catalogs (n◦)
Classification

Classes
Samples per

Class
Samples per

Study

Study #1 25 Cotton; linen; wool; silk;
polyester; polyamide; viscose 30 210

Study #2 11
Viscose (100%); 26

73viscose/PE (90%/10%); 26
viscose/PE (70–75%/30–25%) 21

Study #3 25
Cotton (>97%); 30

90cotton/PE (70–90%/30–10%); 30
cotton/PE (30–65%/70–35%) 30

4. The Analyzed Spectral Data

This study is based on the NIR spectral data of the analyzed textile fibers. To acquire
the NIR spectra of the studied samples, an NIR spectrometer equipped with a reflectance
fiber-optic module (FOSS XDSTM OptiProbe Analyzer provided by FOSS AnalyticalA/S,
Hillerod, Denmark.) controlled by the Vision SoftwareTM was used. Although this was
able to acquire the spectra in the 400–2500 nm range, the 1100–2200 nm range was analyzed
to reduce the effect of noise and to avoid the visible region. To further reduce the effect of
noise, the spectral data were acquired through averaging of 32 scans. Since the resolution of
the FOSS XDSTM OptiProbe Analyzer is 0.5 nm, each spectrum has 2201 points per sample.
Next, the raw data provided by the NIR spectrometer were processed and transformed by
means of the mathematical methods detailed in Section 2.

The NIR spectra of some of the samples analyzed are shown in the following figures.
Figure 2a shows the NIR spectra of natural fibers (i.e., cotton, linen, wool, and silk), while
manmade fibers are presented in Figure 2b. The similarities and differences between
those samples in different ranges of the NIR spectrum can be observed (i.e., the similarity
between cotton and linen is high, with both of them also being similar to viscose, while the
synthetic fibers are very different from them).

There were three main characteristic bands for cotton: one around 1480 nm, the second
at 1942 nm, and the third at 2100 nm. A similar pattern was observed for linen and viscose,
as both are cellulose-based fibers, like cotton. In the case of polyamide, a peculiar band
was observed at 1713 nm, which corresponds to combination overtones of NH bonds from
the amide functional group [44]. This band was also observed in wool and silk (due to
amide functional groups from proteins). Finally, the most distinctive band for polyester
was found at 1661 nm.

In addition, spectra from binary mixtures of fibers (viscose/PE and cotton/PE) are
shown in Figure 2c,d, respectively. In this case, the differences are more difficult to identify
at first sight. As noted above, the NIR spectra exhibit wide bands, overlapped bands, and
overtones, making it difficult to interpret the spectral information. Therefore, mathematical
treatment of the spectra is needed. Nevertheless, we can clearly observe in Figure 2d that,
when increasing the amount of PE in the binary blend, the characteristic band of this fiber
(at 1661 nm) grows.
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Figure 2. (a) Natural fibers. (b) Manmade fibers. (c) NIR spectra of binary mixtures (viscose/PE).
(d) NIR spectra of binary mixtures (cotton/PE).

5. Experimental Results

In this section, three studies with different textile samples are presented to prove the
accuracy of the proposed approach.

5.1. Study #1: Analyzing Pure Textile Fibers

This first study analyzed 210 pure textile samples, i.e., the samples were made of pure
fibers, as summarized in Table 1.

As shown in Table 2, Study #1 considered seven classes of fibers; thus, the goal was to cor-
rectly classify all samples of the prediction set, which was composed of 15 × 7 = 105 samples.
Two approaches were assessed to this end: the first was based on directly applying the
CNN to the raw spectral data, or to the first or second derivatives, and mean-centering the
data; whereas the second alternative applied the PCA + CVA sequence prior to the CNN, as
described in Figure 1.

Table 2 summarizes the classification results attained with the two approaches, as well
as the CNN and PCA parameters selected in each test. These parameters are the number
of epochs (NE), validation frequency (VF), validation patience (VP), verbose frequency
(VFreq), the number of filters in the first layer (NF_1st), and the number of filters in the
second layer (NF_2nd). Finally, we retained a number of PCs explaining more than 99.99%
of the total variance.

The results in Table 3 clearly show the better performance of the PCA + CVA + CNN
approach compared to the performance of the CNN alone. This implies that the PCA + CVA
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feature-selection stage optimally prepares the data for the classification phase, thus sim-
plifying the task of the classifier, greatly reducing the dimensionality of the problem and
the computational burden during the training stage, since the dimensionality was reduced
from 2201 variables to only 6 in this study (i.e., the number of classes minus one). Therefore,
the subsequent studies were based only on PCA + CVA + CNN, due to the superior results
obtained by means of this approach. The results summarized in Table 3 also prove that
the PCA + CVA + CNN approach enables us to correctly classify the 105 samples of the
prediction set.

Table 2. Study #1: Pure textile samples.

Pure Fiber Type of Fiber
Samples Number

Calibration Prediction Total

Cotton Natural 15 15 30
Linen Natural 15 15 30
Wool Natural 15 15 30
Silk Natural 15 15 30

Polyester (PE) Synthetic 15 15 30
Polyamide (PA) Synthetic 15 15 30

Viscose Artificial 15 15 30

Table 3. Study #1: Prediction set classification errors (105 samples).

Conditions
Classification Errors

CNN PCA + CVA + CNN

Mean-centering 4/105 a 0/105 aa

First derivative +
mean-centering 3/105 b 0/105 bb

Second derivative +
mean-centering 4/105 c 1/105 cc

a NE = 200, VF = 8, VP = 29, VFreq = 10, NF_1st = 8, NF_2nd = 16. b NE = 500, VF = 18, VP = 20, VFreq = 10,
NF_1st = 9, NF_2nd = 14. c NE = 385, VF = 18, VP = 20, VFreq = 10, NF_1st = 9, NF_2nd = 12. aa NE = 300,
VF = 1, VP = 30, VFreq = 1, NF_1st = 8, NF_2nd = 16, 14 PCs. bb NE = 600, VF = 9, VP = 10, VFreq = 9, NF_1st = 6,
NF_2nd = 18, 45 PCs. cc NE = 500, VF = 24, VP = 30, VFreq = 28, NF_1st = 10, NF_2nd = 16, 64 PCs.

5.2. Study #2: Analyzing Mixed Viscose–Polyester Textile Samples

This second study analyzed 73 mixed textile samples, which included pure viscose
and viscose/PE mixtures, as summarized in Table 4.

Table 4. Study #2: Pure viscose and viscose/PE mixtures.

Pure Fiber Composition
Samples Number

Calibration Prediction Total

Viscose 100% (Pure) 13 13 26
Viscose/PE 90%/10% 13 13 26
Viscose/PE 70–75%/30–25% 10 11 21

As shown in Table 4, Study #2 considered three classes of fibers; thus, the goal was to
correctly classify all samples of the prediction set, which was composed of
13 × 2 + 10 = 36 samples. Due to the superior results, Study #2 only contemplated the
PCA + CVA + CNN approach.

Table 5 summarizes the classification results attained with the PCA + CVA + CNN
approach, as well as the CNN and PCA parameters selected in each test.

33



Polymers 2022, 14, 2475

Table 5. Study #2: Prediction set classification errors (36 samples).

Conditions
Classification Errors

PCA + CVA + CNN

Mean-centering 1/36 a

First derivative + mean-centering 0/36 b

Second derivative + mean-centering 0/36 c

a NE = 605, VF = 1, VP = 13, VFreq = 7, NF_1st = 5, NF_2nd = 1, 8 PCs. b NE = 200, VF = 4, VP = 15, VFreq = 4,
NF_1st = 6, NF_2nd = 18, 27 PCs. c NE = 327, VF = 22, VP = 12, VFreq = 7, NF_1st = 6, NF_2nd = 12, 32 PCs.

As seen in Table 5, when applying the first and second derivatives to the spectral data,
the PCA + CVA + CNN method correctly classifies the 36 samples of the prediction set.

5.3. Study #3: Analyzing Mixed Cotton–Polyester Textile Samples

This third study analyzed 90 mixed textile samples, which included pure cotton and
cotton/PE mixtures, as summarized in Table 6.

Table 6. Study #3: Pure cotton and cotton/PE mixtures.

Pure Fiber Composition
Samples Number

Calibration Prediction Total

Cotton ≥97% (Pure) 15 15 30
Cotton/PE 70–90%/30–10% 15 15 30
Cotton/PE 30–65%/70–35% 15 15 30

As shown in Table 6, Study #3 considered three classes of fibers; thus, the goal was to
correctly classify all samples of the prediction set, which was composed of 15 × 3 = 45 samples.
Due to the superior results, Study #3 only contemplated the PCA + CVA + CNN approach.

Table 7 summarizes the classification results attained with the PCA + CVA + CNN
approach, as well as the CNN and PCA parameters selected in each test.

Table 7. Study #3: Prediction set classification errors (36 samples).

Conditions
Classification Errors

PCA + CVA + CNN

Mean-centering 7/45 a

First derivative + mean-centering 7/45 b

Second derivative + mean-centering 4/45 c

a NE = 500, VF = 21, VP = 28, VFreq = 5, NF_1st = 8, NF_2nd = 16, 12 PCs. b NE = 300, VF = 7, VP = 6, VFreq = 10,
NF_1st = 8, NF_2nd = 16, 27 PCs. c NE = 404, VF = 4, VP = 29, VFreq = 23, NF_1st = 8, NF_2nd = 16, 42 PCs.

As seen in Table 7, the PCA + CVA + CNN method correctly classifies between 38 and
41 out of the 45 samples of the prediction set. Some of the misclassified samples are used to
make shoes, thus presenting a particular finishing type.

6. Conclusions

The main conclusion of the present work is that the developed method (using a near-
infrared (NIR) sensor and mathematical treatment based on convolutional neural networks)
allows us to correctly classify pure textile fibers (i.e., cotton, linen, wool, silk, polyester,
polyamide, and viscose) and binary blends (i.e., viscose/polyester or cotton/polyester).

The results in Table 3 clearly show the better performance of the PCA + CVA + CNN
approach compared to the performance of the CNN alone. This implies that the
PCA + CVA feature-selection stage optimally prepares the data for the classification phase,
thus simplifying the task of the classifier, greatly reducing the dimensionality of the prob-
lem and the computational burden during the training stage, since the dimensionality
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is reduced from 2201 variables to only 6 or 2 in this study (i.e., the number of classes
minus one).

The best classification was obtained with the consecutive application of the
PCA + CVA + kNN methods, achieving 100% correct classification rates for pure sam-
ples in absorbance mode, 100% correct classification rates for viscose/polyester blends
(viscose/PE) in first derivative mode, and 91.1% for cotton/polyester blends (cotton/PE)
in second derivative mode.

It should be remembered that in the latter case the three classes defined for the cot-
ton/polyester blends (cotton/PE) were very broad and similar: cotton > 97%; cotton 70–90%;
and cotton 30–65%. In contrast, the viscose/PE mixtures were three narrower groups, and
were more separated from one another: viscose 100%; viscose 90%; and viscose 70–75%.

The method is powerful, and can be trained to separate pure fibers and the most
interesting binary mixtures; its only limitation is the need for a sufficiently large database
with samples of known composition. This can help the textile industry to be more circular,
by obtaining secondary textile polymers and reducing the need for natural (i.e., crop- or
animal-based) and synthetic (i.e., oil-based) virgin materials.
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Abstract: Background: Extracts of medicinal plant like lemongrass offer a new choice for optional
antimicrobial therapy against various oral microorganisms. The objective of this study was to assess,
verify, and compare the antimicrobial effectiveness of locally administered 2% lemongrass gel and
10% doxycycline hyclate gel as an adjunct to scaling and root planing (SRP) in treating chronic
periodontitis. Method: This is a double-blind parallel arm randomized controlled study. Forty
subjects were randomly divided into Group A and B for 2% lemongrass gel and 10% doxycycline
hyclate gel, respectively. The clinical assessments of Gingival Index (GI), Plaque Index (PI), Probing
Pocket Depth (PPD), and Clinical Attachment Level (CAL) together with microbial colony counts for
Porphyromonas gingivalis, Actinomyces naeslundii, and Prevotella intermedia were done at baseline, 1st
month, and 3rd month follow-ups. Results: The results showed there was a significant reduction
in the mean scores of GI, PPD, and CAL clinical indices from baseline to the 1st and 3rd month
follow-ups in both the 2% lemongrass gel and 10% doxycycline gel groups (p < 0.05). Similarly, there
was significant reduction in mean CFU scores for all periodontal pathogens from baseline to 1st and
3rd month follow-ups in both the 2% lemongrass gel and 10% doxycycline gel groups (p < 0.05).
Conclusions: It could be concluded that the local delivery of 2% lemongrass gel as an adjunct to
scaling and root planing is effective and comparable to 10% doxycycline gel in the treatment of
chronic periodontitis.

Keywords: cymbopogon citratus; local drug delivery; non-surgical therapy; periodontal pathogens

1. Introduction

The applications of polymers in dentistry are increasing day by day. The irreplaceable
merits of different classes of natural polymers over synthetic polymers as drug carriers still
urge researchers to depend solely on biomaterials. These advantages include hydrophilicity,
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biocompatibility, non-immunogenicity, non-toxicity, non-toxic degradation products, an-
timicrobial and antioxidant capacities, and high stability for tissue engineering [1–3]. Also,
from an environmental perspective, the worldwide demand for eco-friendly products has
witnessed sustainable growth for accommodating green technology advancements. Hence,
industrial channels are searching for more reliable products to gain patients’ satisfaction
and ease their commercialization [4–8].

One such field is pain relief in dentistry. The use of polymers in dentistry has evolved
from simple reinforcement for dental materials to application in healing and pain relief.
Periodontitis is defined as ‘an inflammatory disease of the supporting tissues of the teeth
caused by specific microorganisms or groups of specific microorganisms, resulting in
progressive destruction of the periodontal ligament and alveolar bone with increased
probing depth formation, recession, or both’ [1]. The most prevalent periodontal disease is
chronic periodontitis, which is caused by the deposition of bacterial plaque over time. The
therapy for gingivitis and periodontitis has evolved quite differently in these two areas,
depending on the advancements made in the area of drug and polymer development and
changes in patient populations and needs. The advancements that are most pertinent to
polymers dealt with (1) their use as carriers for the controlled delivery of bioactive agents,
particularly antimicrobials (2) their use in conjunction with tissue regeneration and healing
and (3) factors pertinent to the effectiveness of implemented therapies [2,9–14].

Cymbopogon citratus, Stapf, or lemongrass, is a naturally available flavonoid and
contains cellulose as a natural polymer. This lemongrass polymer is working towards
the quest for the development of a biodegradable natural polymer that has anti-bacterial,
anti-filarial, anti-fungal, anti-inflammatory, and antioxidant properties [15]. Lemongrass
has active phenol and flavonoid substances which, at concentrations below 2%, have shown
to have bacteriostatic properties against several microorganisms [16]. In an in vitro study,
lemongrass essential oil was effective against periodontal pathogens like Actinomyces naes-
lundii and Porphyromonas gingivalis and also a majority of clinical-isolate groups, including
tetracycline hydrochloride-resistant strains [17]. Mouth rinse with active Cymbopogon
citratus essential oil as an adjunct to SRP has shown to be effective in reducing the severity
of gingivitis [18,19]. The use of lemongrass essential oil as a local drug delivery (LDD) in
chronic periodontitis is limited.

Non-surgical mechanical periodontal therapies such as scaling and root planing (SRP),
and in some cases surgical periodontal therapy with access flaps, have been archived widely
in the literature to hamper the progression of tissue destruction in periodontal disease [2].
Mechanical therapy, however, may not always reduce or eliminate the anaerobic infection
at the base of the pocket, within the gingival tissues, and in areas inaccessible to periodontal
instruments [3]. The reduction or elimination of the pathogenic microorganisms in the
subgingival microenvironment is indicative of a successful periodontal therapy [4,5].

The adjunctive use of antimicrobial agents in addition to non-surgical therapy has
shown to provide additional benefits [6]. The use of systemic antimicrobial agents in
the treatment of periodontal disease was widespread in the past. The main drawback
of systemic antimicrobials is achieving and maintaining a therapeutic concentration at
the infected site. Antimicrobial agents locally applied into the periodontal pockets may
further suppress periodontal pathogens. Various local drug delivery (LDD) systems have
been introduced to overcome the disadvantages of the systemic route of antimicrobial
administration. LDD systems in periodontal therapy can provide up to 100-fold higher
drug doses at the target site compared to systemic administration [7]. To date, doxycycline,
and metronidazole are the most widely used antibiotics for LDD in the treatment of
periodontal disease. The concentration of tetracycline in gingival crevicular fluid (GCF)
is 5–10-fold higher than serum levels due to their anti-collagenase property [8,9]. Such
antimicrobial therapy as an adjunct requires reduced dosage and fewer applications and
also has high patient compliance.

Increasing concern over the unwanted side effects and emergence of highly resistant
microbes with increased pathogenicity at the treated sites has altered the general perception

39



Polymers 2022, 14, 2766

of the capabilities of these antimicrobial agents [10,11]. In light of this, there is a need to
look for alternate options that are effective, relatively safe, and economical [12]. Research
in phytosciences, an emerging multidisciplinary science, has revealed various medicinal
plants possessing antimicrobial activity with fewer side effects, reduced toxicity, and cost-
effectiveness. Extracts of these medicinal plants offer a new choice for optional antimicrobial
therapy against various oral microorganisms [13,14].

Keeping the above factors in mind, the present study was planned with the aim to
assess and compare the effectiveness of locally administered 2% gel made from lemon-
grass polymer and 10% doxycycline hyclate gel as an adjunct to SRP in treating chronic
periodontitis and also to verify and compare the antimicrobial effect of 2% gel made from
lemongrass polymer and 10% doxycycline hyclate gel in chronic periodontitis.

2. Materials and Methods

2.1. Study Design

A double-blind parallel arm randomized controlled study was planned to evaluate
the effectiveness of 2% lemongrass gel as an adjunct to SRP therapy in chronic periodontitis
with 10% doxycycline hyclate gel as active control. This study also aimed to evaluate
in vivo antimicrobial effect of both LDD agents. The study protocol was developed, and
all subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki, and the proto-
col was approved by the Ethics Committee of Institute of dental science, Bareilly, India.
“(IDS/ETHCC/14/10).” The study was registered with the Clinical Trial Registry of India
(CTRI REF/2021/03/042330 AU).

Study subjects and Sample size
Sample size (n) was calculated by using formula

n =
2(Standard deviation)2

(E f f ect size)2

(
Zα/2 + Z1−β

)2 (1)

where Zα/2 = 1.96, Z1−β = 0.842 are respectively the 95% confidence value obtained from
the standard normal distribution with power of the study at 80%. At least seventeen
subjects were needed to detect a significant difference in PPD after intervention with an
effect size of 0.50 and a standard deviation of 0.45 from the pilot study using ten subjects.
To compensate for the dropouts, 10% of n is added to get the final sample size. Hence, the
final minimum sample size in each group was n = 20.

A total of 74 subjects were screened for the study, of which 34 subjects did not satisfy
the inclusion criteria. The inclusion criteria for the patient selection were: (a) patients
in the age group of 18–60 years, (b) untreated chronic periodontitis with a minimum of
four periodontal pockets per quadrant, and (c) periodontal pockets with probing depth
4 to 6 mm. Patients with systemic diseases, who had received antibiotics during the pre-
vious three months, or who had received antiseptic/antiplaque agents in the last three
months, pregnant women, and patients who had undergone periodontal treatment in
the last six months were excluded from the study. The details of study procedure were
explained to all eligible subjects (n = 40) and consent was obtained.

2.2. Formulation of 2% Lemongrass Gel and 10% Doxycycline Hyclate Gel

For this study, a stable bio-absorbable controlled-release formulation of 2% lemon-
grass gel and 10% doxycycline hyclate for the treatment of periodontal pockets was
prepared by Department of Pharmacy, Mahatma Jyotiba Phule Rohilkhand University,
Bareilly, India [20].

2.2.1. Preparation of 2% Lemongrass Gel

Appropriate quantity of Carbopol 934 was soaked in water for a period of 2 h. Car-
bopol was then neutralized with Triethanolamine (TEA) by stirring. Then, 2% lemongrass
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essential oil was dissolved in appropriate and pre-weighted amounts of propylene glycol
and ethanol. The solvent blend was transferred to the Carbopol container and agitated for
an additional 20 min. The dispersion was then allowed to hydrate and swell for 60 mins,
then the pH was adjusted with 98% TEA until the desired pH value approximately reached
(6.8–7). During pH adjustment, the mixture was stirred gently with a spatula until a
homogeneous gel was formed.

2.2.2. Preparation of 10% Doxycycline Hyclate Gel

A total of 5% sesame oil was added to 95% of the melted Glyceryl monooleate (GMO)
at 60–70 ◦C with continuous stirring. After the above solution was cooled to room tempera-
ture, 10% of doxycycline hyclate was added to it until a homogenous gel was obtained.

2.3. Study Procedure

Forty subjects were randomly allocated into two equal intervention groups using a
lottery method with Group A subjects (n = 20) for 2% lemongrass gel and Group B (n = 20)
for 10% doxycycline hyclate gel as interventions, respectively. Only one investigator was
aware of the intervention groups, and the subjects were coded for identification. The same
investigator carried out the placement of local drug delivery for each study subject. The
clinical periodontal status of each subject was recorded at baseline, i.e., before SRP therapy
and application of local drug delivery and on 1st and 3rd month follow-up assessments.
The clinical steps involved are shown in Figure 1.

Figure 1. Cont.
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Figure 1. Clinical steps involved in the study. (A) Recording clinical parameters at baseline. (B)
Subgingival plaque sample collection. (C) LDD at the site of Periodontal Pocket. (D) Placement of
periodontal dressing.

In this study both clinical and microbiological periodontal parameters were used for
outcomes assessment.

2.4. Clinical Assessments

Clinical assessments for periodontitis were done as per American Academy of Periodon-
tology (AAP) 1999 classification [21]. The indices used were: Gingival index (GI), Plaque
Index (PI) Probing Pocket Depth (PPD) and Clinical Attachment Level (CAL) [1,22,23]. All
clinical assessments were done with the University of North Carolina-15 probe (Hu Friedy®).
A single blinded investigator was trained and calibrated for recording clinical indices with
ten independent subjects on an interval of 24 h. The intra-class correlation coefficient was
found to be 0.82 which indicate good reliability.

2.5. Microbiological Analysis

Before recording clinical parameters, subgingival plaque samples were collected from
the selected sites at baseline, 1st month and 3rd month visits to evaluate the changes in
colony forming units (CFU) of primary periodontal pathogens, i.e., Porphyromonas gingivalis,
Actinomyces naeslundii and Prevotella intermedia [24]. The teeth were isolated using cotton rolls
and a plaque sample was obtained using sterile area specific Gracey curettes (Hu Friedy®)
in a previously fumigated minor operation theatre. The samples were then transferred in a
vial containing 10 mL Robertson Cooked Meat Broth Medium and were incubated at 37 ◦C
for 24–96 h. The total number of CFU’s was determined based on serial dilution from 10–1
to 10–3 on selective media. Finally, each bacteria’s count was determined based on typical
colony and bacterial morphology in 102 CFU/milliliter on Muller Hinton Agar.
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2.6. Study Intervention

Immediately after baseline assessment, all subjects received SRP therapy followed by
application of local drug delivery. The investigator assigned for application of LDD gels
applied 2% lemongrass gel and 10% doxycycline hyclate gel into periodontal pockets as
per patient codes. The LDD gel was inserted into the bases of the pockets using a special
syringe with a blunt cannula. The end of the blunt cannula was moved coronally to fill
the pocket, and the excess gel was removed using a curette or wet cotton pellet. The site
was covered with a periodontal dressing (Coe-Pak®) to prevent the medication from being
flushed out of the pocket. All subjects were advised to use 0.2% of chlorhexidine rinses,
and standard oral hygiene instructions were given. After one week, the subjects were
reviewed for any discomfort such as transient discomfort, erythema, transient resistance,
allergy following treatment, and visual examination to record any soft tissue changes after
removal of periodontal dressing. The subjects were recalled for follow-up assessments on
1st and 3rd months, and oral hygiene maintenance was reinforced. The study design flow
chart is given in Figure 2. All subjects who participated completed the study, and none of
the subjects had any complications during recall visits.

Figure 2. Flow chart of the study.

2.7. Statistical Analysis

The collected data was first entered into MS-Excel spreadsheet and further subjected
to analysis using SPSS for Windows, Version 16.0. Chicago, SPSS Inc. (Chicago, IL, USA)
Descriptive results were presented as frequency, mean, and standard deviation. Inter-group
comparisons were made by independent Student’s t-test and intra-group comparisons to
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test changes during follow-up visits were obtained by using repeated measures of ANOVA
test and Least Significant Difference post hoc test. The level of significance was set at 5%.

3. Results

At baseline, there was no statistically significant difference between the groups in
their mean clinical and microbiological scores (p > 0.05) (Table 1). The repeated measures
ANOVA test showed that there was a significant reduction in all clinical mean scores
from baseline to the 1st and 3rd month follow-ups in both 2% lemongrass gel and 10%
doxycycline gel groups (p < 0.05) (Table 2). Similarly, there was significant reduction in all
microbiological mean CFU scores from baseline to the 1st and 3rd month follow-ups in both
2% lemongrass gel and 10% doxycycline gel groups (p < 0.05) (Table 3). A pairwise Least
Significant Difference (LSD) post hoc test showed that there was a significant reduction
of GI, PPD, CAL, and all three microbiological mean CFU count scores in both the 2%
lemongrass gel and 10% doxycycline gel groups from baseline to the 1st and 3rd month
follow-up scores (p < 0.05). There was no statistically significant difference in the mean PI
scores from baseline to the 1st and 3rd month follow-up scores in 2% lemongrass gel group
(p > 0.05) (Tables 2 and 3).

Table 1. Comparison of mean scores of both clinical and microbiological parameters at baseline.

Groups N Mean SD p-Value

GI
2% Lemongrass Gel 20 1.78 0.26

0.86810% Doxycycline Gel 20 1.76 0.24

PI
2% Lemongrass Gel 20 1.82 0.20

0.81410% Doxycycline Gel 20 1.84 0.19

PPD
2% Lemongrass Gel 20 5.30 0.47

0.74410% Doxycycline Gel 20 5.35 0.49

CAL
2% Lemongrass Gel 20 5.50 0.51

0.75910% Doxycycline Gel 20 5.55 0.51

Porphyromonas Gingivalis (103 CFU)
2% Lemongrass Gel 20 1.06 0.54

0.75710% Doxycycline Gel 20 1.00 0.60

Actinomyces Naeslundi (102 CFU)
2% Lemongrass Gel 20 0.69 0.43

0.68310% Doxycycline Gel 20 0.75 0.51

Prevotella Intermedia (103 CFU)
2% Lemongrass Gel 20 1.12 0.48

0.27410% Doxycycline Gel 20 0.94 0.52

Statistically significant at 5% level of significance.

Table 2. Comparison of mean clinical parameters scores within groups at baseline, 1 month, and 3
month follow-ups.

Groups Assessment Period Mean SD p-Value

GI

2% Lemongrass Gel
Baseline 1.78 0.26

<0.0001 * Ф 1 Month 1.34 0.27
3 Months 1.22 0.28

10% Doxycycline Gel
Baseline 1.76 0.24

<0.0001 * Ф 1 Month 1.34 0.23
3 Months 1.16 0.28

PI

2% Lemongrass Gel
Baseline 1.82 0.20

0.021 *1 Month 1.78 0.25
3 Months 1.73 0.23

10% Doxycycline Gel
Baseline 1.84 0.19

0.015 * Ф 1 Month 1.72 0.26
3 Months 1.70 0.28

PPD

2% Lemongrass Gel
Baseline 5.30 0.47

<0.0001 * Ф 1 Month 3.30 0.47
3 Months 3.25 0.44

10% Doxycycline Gel
Baseline 5.35 0.49

<0.0001 * Ф 1 Month 3.40 0.50
3 Months 3.15 0.37

CAL

2% Lemongrass Gel
Baseline 5.50 0.51

<0.0001 * Ф 1 Month 3.50 0.61
3 Months 3.45 0.60

10% Doxycycline Gel
Baseline 5.55 0.51

<0.0001 * Ф 1 Month 3.60 0.50
3 Months 3.35 0.49

* Statistically significant at 5% level of significance by repeated measures ANOVA. Ф Statistically significant at
5% level of significance by pairwise Least Significant Difference post hoc test.
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Table 3. Comparison of mean microbiological parameter scores within groups at baseline, 1 month,
and 3 month follow-ups.

Groups
Assessment

Period
Mean SD p-Value

Porphyromonas Gingivalis (103 CFU)

2% Lemongrass Gel
Baseline 1.06 0.54

<0.0001 * Ф 1 Month 0.31 0.34
3 Months 0.28 0.31

10% Doxycycline Gel
Baseline 1.00 0.60

<0.0001 * Ф 1 Month 0.37 0.33
3 Months 0.38 0.35

Actinomyces Naeslundi (102 CFU)

2% Lemongrass Gel
Baseline 0.69 0.43

<0.0001 * Ф 1 Month 0.33 0.34
3 Months 0.31 0.30

10% Doxycycline Gel
Baseline 0.75 0.51

<0.0001 * Ф 1 Month 0.33 0.31
3 Months 0.32 0.31

Prevotella Intermedia (103 CFU)

2% Lemongrass Gel
Baseline 1.12 0.48

<0.0001 * Ф 1 Month 0.70 0.36
3 Months 0.67 0.35

10% Doxycycline Gel
Baseline 0.94 0.52

<0.0001 * Ф 1 Month 0.51 0.41
3 Months 0.52 0.41

* Statistically significant at 5% level of significance by repeated measures ANOVA. Ф Statistically significant at
5% level of significance by pairwise Least Significant Difference post hoc test.

The mean difference was highest in PPD and CAL assessments from baseline to the
follow-up visits in both groups. The mean differences of microbial CFUs from baseline to
the 1st and 3rd month follow-ups in both groups were comparable (Tables 2 and 3).

4. Discussion

Various polymers have been explained by researchers for drug delivery. Different poly-
mers exhibit different mucoadhesive properties depending on their physical and chemical
strength. For example, a more flexible polymer exhibits a higher degree of mucoadhesive
property [25]. Mucoadhesive polymers possessing hydrophilic functional groups such as
COOH, OH, NH2, and SO4H are more favorable candidates for the formulation of targeted
drug delivery. These polymers bearing the desired functional group interact with mucus
through physical entanglement as well as through chemical bonds resulting in the forma-
tion of a cross-linked network. For example, urea is a well-accepted hydrogen-bonding
disruptor that decreases the mucoadhesion of mucin/pectin samples. Other properties
that may affect the mucoadhesive nature of the polymer include chain length, degree of
hydration, degree of cross-linking, polymer concentration, charge, etc.

In the last three decades, periodontal therapy has seen significant progress in various
aspects. There has been a shift from surgical treatment procedures to techniques and meth-
ods aimed at delivering the drug locally along with scaling and root planing to the affected
sites by targeting the specific periodontopathic microorganisms in bringing improvements
in clinical parameters of the periodontium. The adjunctive use of antimicrobial agents
in addition to non-surgical therapy has been shown to provide additional benefits. Such
antimicrobial therapy as an adjunct needs a reduced dosage and fewer applications and
should also have high patient compliance. Various LDD systems have been introduced
to overcome the disadvantages of the systemic route of antimicrobial administration. A
number of LDD systems have been used in different clinical trials with different degrees
of success. Upon analysis of the various clinical reports, it is seen that most of the LDD
systems have resulted in significant improvement in the clinical parameters. However,
the kind of improvement in the clinical parameters has not been consistent. Many of the
published research on LDD systems in the literature has not evaluated the change in the
microbial count of periodontopathic bacteria.

In the present research, we have used Carbopol 934 for the formulation of 2% lemon-
grass gel, which eventually yielded many therapeutic benefits by releasing the drug in a
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sustained manner. Carbopol or carbomer are high molecular weight polymers of acrylic
acid cross-linked with either allyl sucrose or allyl ethers of penta erythritol. These contain
56% and 68% of carboxylic acid groups calculated on the dry bases [26]. These are used
as suspending agents or viscosity-increasing agents, dry and wet binders, as well as rate-
controlling agents in tablets, enzyme inhibitors of intestinal protease in peptide-containing
dosage forms, etc. Carbomer is a pH-dependent polymer that stays in solution form at
acidic pH but forms a low viscosity gel at alkaline pH. Carbopol offers the advantage of
exhibiting excellent mucoadhesive properties in comparison with other polymers (e.g.,
cellulose derivatives and polyvinyl alcohol) [27]. Different mucoadhesive formulations
containing carbopol have been developed and it was found that these demonstrated ex-
cellent mucoadhesive properties and release the drug in a controlled manner for a longer
period of time. Tan et al. [28] developed a bioadhesive gel incorporating lidocaine using
carbopol and Polyvinylpyrrolidone (PVP). The results indicated that an increase in carbopol
concentration significantly increased gel compressibility, hardness, and adhesiveness, that
is, the factors that affect the ease of gel removal from the container, ease of gel application
onto the mucosal membrane, and gel bioadhesion, respectively. Moreover, the resulting
formulation provided a sustained release as compared with the conventional dosage forms.
Similar results were obtained by Bilensoy et al. [29]. They developed 5-FU containing ther-
mosensitive, mucoadhesive gel based on carbopol 934 and pluronic F12 for the treatment of
Human Papillomavirus (HPV)-induced cervical cancer. The resulting formulation demon-
strated better anticancer activity at lower doses, avoiding unwanted side effects of the
drug. In another study, Patel and Chavda [30] prepared amoxicillin-loaded gastroretentive
microspheres using carbopol-934 providing sustained release.

In the present study, there was significant reduction in all clinical mean scores from
baseline to 1st and 3rd month follow-up in both 2% lemongrass gel and 10% Doxycycline
Gel groups. Similarly, there was significant reduction in all microbiological mean CFU
scores from baseline to 1st and 3rd month follow-up in both 2% Lemongrass Gel and 10%
Doxycycline Gel groups. The mean differences for both groups from baseline to 1st and
3rd month follow-up scores showed that there was significant reduction of GI, PPD, CAL
and all three microbiological mean CFU count scores in both 2% Lemongrass Gel and 10%
Doxycycline Gel groups. The mean difference was highest in PPD and CAL assessments
from baseline to follow-up visits in both groups. The mean differences of microbial CFU’s
from baseline to 1st and 3rd month follow-up in both groups were comparable.

This is attributable to the antibacterial property of doxycycline and lemongrass. Stud-
ies have shown that the beneficial effects of doxycycline in periodontal diseases are due
to the antibacterial property of doxycycline against periodontopathogens [6] and the
inhibitory action of the pathologically elevated tissue degrading activities of matrix met-
alloproteinases (MMPs) in the inflamed gingival tissues of adult periodontitis [9]. The
control group-associated results of the present study are in accordance with the findings of
the previous studies [6,24].

Lemongrass has several beneficial properties that can be of use in periodontal therapy.
Previous studies have demonstrated the anti-inflammatory and antimicrobial properties of
lemongrass in terms of inhibition of the production of interleukine-1β (IL-1β) and IL-6 [31].
Citral, the main component of the lemongrass, is responsible for its anti-microbial property
by causing extensive leakage of critical molecules and ions from the bacterial cell and
permeabilization of the bacterial cytoplasmic membrane leading to their death [32] and
in addition to this, the anti-inflammatory action of lemongrass is due to the blockage of
the LPS-induced activation of Nuclear Factor kappa-B (NF-kB) [33,34]. The observations
of the test group in the present study are in accordance with the findings of previous
studies [17,35,36]. In addition to this, lemongrass oil has also been shown to decrease the
volatile sulfur compounds, hence inhibiting halitosis [36].

There was no statistically significant difference in mean PI scores from baseline to the
1st and 3rd month follow-up scores in the 2% lemongrass gel group. This could be because
of a lack of oral hygiene maintenance.
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The results of this study suggested that 2% lemongrass gel as an LDD system is one of
the nonsurgical treatment modalities in bringing improvement in clinical & microbiological
parameters. However, further investigation with a larger sample size on a prolonged
post-operative follow-up is required to conclusively establish the effectiveness of this gel.

5. Conclusions

It could be concluded that the local delivery of 2% lemongrass gel as an adjunct to
scaling and root planing is effective and comparable to 10% doxycycline gel in the treatment
of chronic periodontitis, and 2% lemongrass gel is an effective antimicrobial agent against
primary periodontal pathogens, i.e., Porphyromonas gingivalis, Actinomyces naeslundii, and
Prevotella intermedia. Further studies targeting other periodontal pathogens associated with
specific periodontal conditions need to be conducted.
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Abstract: This paper presents a universal fabrication process for single-layer textile supercapacitors,
independent of textile properties such as weave pattern, thickness and material. To achieve this,
an engineered copolymer membrane was fabricated within these textiles with an automated screen
printing, phase inversion and vacuum curing process. This membrane, together with the textile
yarns, acts as a porous, flexible and mechanically durable separator. This process was applied to
four textiles, including polyester, two polyester-cottons and silk. Carbon-based electrodes were
subsequently deposited onto both sides of the textile to form the textile supercapacitors. These
supercapacitors achieved a range of areal capacitances between 3.12 and 38.2 mF·cm−2, with energy
densities between 0.279 and 0.681 mWh·cm−3 with average power densities of between 0.334 and
0.32 W·cm−3. This novel membrane facilitates the use of thinner textiles for single-layered textile
supercapacitors without significantly sacrificing electrochemical performance and will enable future
high energy density textile energy storage, from supercapacitors to batteries.

Keywords: supercapacitor; e-textile; phase inversion membrane; energy storage device; polymer
separator; carbon electrode

1. Introduction

The integration of electronics within textiles (e-textiles) has seen a plethora of ap-
plications unlocked for medical [1], defence [2] and consumer [3] wearable technologies.
Increasingly though, the power management of these technologies has become a bottleneck
for further designs. This requirement for power bridging (analogous to increasing the
penetration of renewable energy onto electrical networks) or power averaging has seen a
stark increase in research interest in textile supercapacitors (TSCs) and batteries. This is
highlighted by an increase in publications of two orders of magnitude over the previous
decade [4]. TSCs have been far more widely researched than other textile energy storage
systems due to their increased energy and power density when compared to traditional
capacitors [5] and their longer cycle lifetime and reliability when compared to batteries [6].
Similar to a traditional capacitor, a supercapacitor comprises two electrodes, an electrolyte
and an electrically insulating but ionically conductive separator. To date, electrode materi-
als for TSCs have seen extensive research with advances in conductivity [7], porosity [8],
mechanical and chemical stability [9] and even functionalisation [10]. The electrolyte like-
wise has seen significant research with a lot of the focus on aqueous gel-based formulations
(H2SO4 [11], H3PO4 [12], KOH [13]), but also some exciting explorations into the use of
nanoparticle fillers [14]. Despite this, the separator layer has seen little advancement, with
it often being realised simply as an extra layer of separator paper sandwiched between
textile electrodes [15] or as an additional film layer [16] in a sandwich-like configuration.
These solutions impair the wearable technology, with asymmetric stress within the layers
induced by the movement of the wearer and impracticalities of having extra layers within
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an encapsulated textile system. Sheng et al. [17] achieved a single-layer TSC using the
fabric itself as the separator, impregnating a central region with a gel electrolyte. However,
the cotton substrate had to be 500 μm thick and required a very dense weave. Though this
thickness allowed for the separation of the carbon electrodes, later work by the group [18]
showed that for multilayer configurations, a thinner fabric achieved much higher capaci-
tances. Clearly, there is a requirement to integrate a separator layer into thinner textiles
to enable thinner but more energy-dense TSCs. One method to achieve this is to fill the
gaps between the textile fibres/yarns with a porous membrane before the deposition of the
electrodes and the impregnation with the electrolyte.

The design of separator membranes is important for all kinds of electrochemical energy
storage, from supercapacitors to fuel cells. Important characteristics include chemical stabil-
ity, ionic conductivity, flexibility, electrolyte update and porosity. Different crystalline and
amorphous materials have been evaluated for the fabrication of discrete separator mem-
branes. These include cellulose [19], aluminium oxide nanowire with polyvinyl butyral
(PVB) [20], polyacrylonitrile (PAN) [21], polyvinylidene fluoride (PVDF) [22], polyvinyl
alcohol (PVA)-tetraethyl orthosilicate [23], poly arylene ether sulfone/polyethylene oxide
(PEO) [24] and PVDF-poly methyl methacrylate (PMMA) composite [25]. These materials
have a high degree of processability and can be readily fabricated into a porous separator
membrane via electrospinning [26] or phase inversion [27]. Phase inversion is a process
of immersing a liquid-polymer solution into an anti-solvent solution which removes the
original solvent and leaves a porous, solid polymer membrane. However, with the primary
research focusing on traditional battery and fuel cell technologies, many of these separators
are not suitable for e-textile applications due to poor adhesion to, or integration within, the
textile substrate. For example, PAN-based separator membranes have high electrolyte up-
take but also have electrolyte leakage issues, PVDF-based separator membranes have high
ionic conductivity and high chemical and mechanical resistivity, but their hydrophobicity
limits the electrolyte uptake and retention [28]. PMMA-based separator membranes have
high porosity and good compatibility with electrolytes due to the polymer’s amorphous
nature, but their poor mechanical strength limits their use in energy storage devices [29].
This issue has been improved by mixing and cross-linking different amorphous polymers
together with (or without) metal oxide nano/microwires [30]. A separator membrane
fabricated in this manner can achieve high porosity, good compatibility with electrolytes
and improved mechanical durability suitable for energy storage device design. However,
adding these materials to textiles requires additional fabrication processes such as spin-
ning, lamination or embroidery and presents a sub-optimal textile separator design [31].
Therefore, it is essential to develop materials and methodologies that can integrate a mem-
brane layer within a standard textile, utilizing traditional textile fabrication processes. One
solution is to introduce polymers such as ethylene-vinyl acetate (EVA) into the separator
membrane material matrix to help it fill the space within and adhere to the textile substrate
forming a textile and polymer-based separator membrane. EVA is a colourless, flexible
and waterproof copolymer of ethylene and vinyl acetate and is a well-known adhesive
material for textiles, paper, and other porous materials. The combination of EVA and
PMMA creates a mechanically flexible adhesive for optical fibre bonding [32]. The addition
of EVA changes the fracture mechanism of the PMMA polymer matrix from crazing to
yielding, improving its flexibility [33]. Additionally, numerous fibrils and voids/pores
form in the solution-processed EVA/PMMA polymer matrix. These voids also can be used
as tunnels and pores for the electrolyte flow, making them suitable as a porous material for
separator design.

In this paper, we report a novel approach to the fabrication of carbon-based TSCs,
making use of a membrane-impregnated textile substrate. The membrane layer of the
proposed supercapacitor was produced via screen printing, followed by a phase inversion
process and was composed of a copolymer blend of EVA and PMMA. The effect of polymer
ratios on the performance of the membrane is investigated and characterised through
microscopy and electrochemical techniques. The reported methodology was shown to be
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universal across four standard textiles (one polyester, two different polyester-cotton and
one silk substrate), with all samples showing promising electrochemical performances and
a reduction in process complexity during the electrode deposition stage.

2. Materials and Methods

2.1. Material

Activated carbon YP-80F was obtained from Kuraray Chemical (Tokyo, Japan), EVA
beads (vinyl acetate 25 wt. %), PMMA powder (Mw = 120,000 g/mol), carbon nano-powder
additive (<100 nm particle size), 1,2,4-trichlorobenzene, ethanol, dimethyl sulfoxide and
Isoamyl acetate were acquired from Sigma-Aldrich (Gillingham, UK). Polyester (denoted
as P), two polyester cotton textiles (denoted as PC and PC (thin) and silk (denoted as S)
were obtained from Klopman (Frosinone, Italy). The textiles were all plain weaves, with
further characteristics presented in Table 1.

Table 1. Characteristics of the textile substrates used throughout this study.

Polyester-Cotton/Thin (PC Thin) Polyester-Cotton (PC)
Silk
(S)

Polyester
(P)

Fibre types Cotton and Polyester Cotton and Polyester Silk Polyester

Fibre diameter (μm) 12 (Polyester)
15 (Cotton)

12 (Polyester)
15 (Cotton) ~8.3 ~20

Ends per inch 16.5 16.5 19.6 13.5
Picks per inch 9.05 9.05 15.7 7.4
Textile original weight (mg·cm−2) 16.3 27.1 4.45 23.4
Textile thickness (μm) 150 250 50 244

2.2. Preparation of Textile with a Polymer Membrane and Bending Experiment

Screen printing and phase inversion processes were applied to fabricate the EVA-
PMMA copolymer membrane in the cotton textile. The copolymer solution was prepared
by mixing EVA beads (vinyl acetate 25 wt. %) with PMMA powder ratios of 1:9, 3:7 and
5:5 by weight, and the textiles with these polymer membranes were denoted as PC1:9,
PC3:7 and PC5:5. In total, 2 g polymer blends were dissolved in a solvent mixture of
2.5 mL of 1,2,4-Trichlorobenzene and 2.5 mL of Isoamyl acetate. The polymer blends were
completely dissolved in the solvent mixture via heating at 60 ◦C with a magnetic stirring
bar rotated at 600 rpm until the solution became clear. The copolymer solution was then
screen-printed twice onto the top of the textile with a screen mesh thickness of 40 μm,
printing gap of 0.8 mm, printing pressure of 5.5 kg and speed of 10 mm·s−1. After printing,
the copolymer-coated cotton was treated with a phase inversion process by immersing the
samples in ethanol within a sonication bath for 15 min. The samples were then cured under
a vacuum for 2 h at room temperature. After the curing process, some of the copolymer
was immersed into the textile and the remaining copolymer formed a membrane layer of
about 100 μm on top of the textile.

A group of polyester-cotton textiles with different membranes were bent around a
mandrel shown in the Supplementary Materials (Figure S2). These devices were bent
around a 3.2 mm diameter mandrel for 500 or 1000 cycles at a cyclical rate of 2 cycles
per second.

2.3. Fabrication of Supercapacitor Electrodes

The carbon solution was prepared with activated carbon (YP-80F is from Kuraray
Chemical), conductive carbon additive and EVA beads (vinyl acetate 25 wt. %) dissolved
in a 1,2,4-Trichlorobenzene solvent. The ratio of carbon to binder was 85:15 by weight [34].
The surface of the four textiles was first shaved to reduce pilosity, and the carbon solution
was spray coated through a mask on both sides of the textile substrates. The spray nozzle
(diameter of 0.3 mm) was positioned 15 cm away from the fabric, and air pressure of 25 psi
(1.72 bars) was used for the spraying. Each side of the textile sample was sprayed for 5 s.
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The mask was removed, and the textile substrate was dried in a fan oven at 120 ◦C for
10 min. The amount of carbon on the polyester and two polyester-cotton-based devices
was 3.56 mg·cm−2. For the silk device, the weight of carbon was 1.78 mg·cm−2 (maximum
possible loading).

2.4. Textile Supercapacitor Assembly and Testing

The textile devices were cut into round pieces with a diameter of 1 cm. The organic
electrolyte was developed by mixing 1.08 g of Tetraethylammonium tetrafluoroborate
salt in 5 mL dimethyl sulfoxide, as demonstrated in a previous paper [35]. The organic
mixture was under constant stirring until the mixture became clear. The textile electrode
was immersed in the organic electrolyte under vacuum at ~25 mbar for 20 min. For testing,
the single-layer textile supercapacitor was placed under compression using spring-loaded
grade 303 stainless steel current collectors housed within a Swagelok PFA tube fitting
(Swagelok, Solon, OH, USA).

2.5. Characterisation and Electrochemical Testing of Flexible Textile Supercapacitor

The device’s surface profile and cross-sectional structure were obtained via scanning
electron microscopy (SEM) using a ZES EVO microscope at an operating voltage of 5 kV,
1.68 A with different magnifications. The porosity of the PC textile and PC3:7 textile was
obtained by Equation (1) and the distilled water immersion method [36]. Both samples
were immersed in the distilled water under vacuum at ~25 mbar for 20 min and then
taken out. The excess distilled water on the surface was removed with filter paper, and the
content of absorbed distilled water was calculated. The density of the PC textile and PC3:7
were 1.13 and 1.45 g·cm−3, respectively.

porosity % =
Md/ρd

(Md/ρd + M0/ρ0)
× 100% (1)

where M0 and ρ0 are the weight and density of the PC textile or PC3:7 before vacuum
impregnation. Md and ρd are the weight and density of the distilled water absorbed into
the PC textile and PC3:7 textile.

The electrolyte uptake of the PC textile and PC3:7 textile with the proposed membrane
were measured via a similar methodology to the porosity test but replaced the distilled
water with the proposed electrolyte. The amounts of the electrolyte uptake after the vacuum
impregnation process and during the ageing test were determined by Equation (2):

uptake % = Me/M0 × 100% (2)

where M0 is the weight of PC textile or PC3:7 textile with a membrane before vacuum
impregnation and Me is the weight of PC textile or PC3:7 textile with membrane after
vacuum impregnation with the electrolyte and after 2, 4, 6, 21 and 24 h left in room
temperature at 23 ◦C. The electrochemical performance of the textile supercapacitor was
evaluated using an Autolab PGSTAT101 (Metrohm Autolab, Utrecht, The Netherlands).
Electrochemical impedance spectroscopy measurements were performed on a Solartron
1470E Cell Test System (Solartron Analytical, Farnborough, UK) from 250 kHz to 0.1 Hz
with an amplitude of 10 mV. The calculations for capacitance, energy and power were
based on the GC test result that follows Equations (3)–(5).

C = I × (dV/dt)−1 (3)

E = 0.5 × C × V2
peak (4)

P = E/t (5)

where C is the capacitance, I is the cycling current in the GC test, dV/dt is the rate of change
of voltage between 1.44 V (80% Vpeak) and 0.72 V (40% Vpeak) in the GC test, E is the energy
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stored in the device, Vpeak is 1.8 V, P is the average power and t is the time taken for the
supercapacitor to fully discharged.

3. Results and Discussion

3.1. SEM Imaging

In this work, polyester (denoted as P), two polyester cotton textiles (denoted as PC
and PC (thin)) and silk (denoted as S) were used as textile substrates. The copolymer
solution was prepared by mixing EVA beads with PMMA powder at ratios (EVA:PMMA)
of 1:9, 3:7 and 5:5 by weight, and the textiles with these polymer membranes are denoted
as P/PC/PC (thin)/S 1:9, 3:7 and 5:5.

In the EVA-PMMA membrane design, the PMMA contributes toward the porosity
of the separator membrane while the EVA enhances the flexibility and adhesion. Higher
percentage weights of EVA within the copolymer reduce the shrinkage of the membrane
during the phase inversion and thus increase the total coverage of the membrane. However,
once the EVA content reaches a critical limit, the membrane loses its porosity and the
electrolyte flow through the membrane is restricted. This balancing of the ratio of EVA to
PMMA was initially explored across three ratios with the resulting membranes shown in
Figure 1a–c, which shows a comparison between samples PC 5:5, PC 3:7 and PC 1:9. The
PC 1:9 sample in Figure 1a has less of the membrane layer present in the textile. This is
due to the lower mass ratio of EVA within the membrane polymer lattices, resulting in
more membrane loss, through shrinkage, during the phase inversion. This shrinkage is
uncontrollable and can result in detrimental macro porosity and material loss at the edges
of the device. In comparison with the other samples, this membrane is also unlikely to be
able to block the electrode material upon deposition, leading to an increased risk of short
circuits. The SEM photograph in Figure 1b shows the cross-section view of the sample
PC 3:7, where the membrane forms a layer-by-layer structure across the gap between
polyester-cotton yarns. As shown in Figure 1c, the PC 5.5 membrane with the lowest
percentage of PMMA and the highest percentage of EVA fills the entire area between textile
yarns. This will prevent short circuits but will also block the electrolyte flow through
the device, reducing the capacitance and increasing the resistance. With the 3:7 ratio
demonstrating superior bulk properties, further investigation of this polymer ratio was
undertaken. Figure 1d show that the printing and phase inversion process created a porous
EVA-PMMA copolymer membrane that adheres to the yarns and fibres of the textile. The
membrane itself consisted of polymer lattices with micropores of around 2 μm in diameters
(Figure 1e). These micropores are produced uniformly during the phase inversion process
and allow for the free movement of the ions within the electrolyte.

Having formed the porous copolymer membrane separator, the next stage in the
fabrication process is to deposit the carbon electrodes. For comparison purposes, carbon
electrodes were spray coated onto the textiles with and without the membrane in place.
Figure 2 show SEM photos of polyester-cotton (PC) and silk (S) textile before and after the
spray deposition of the carbon electrode. The SEM photos of the other two textiles (P and
PC (thin)) are very similar in appearance to the SEM photos of the PC textile, and they are
shown in the Supplementary Materials (Figure S1). The SEM photos in Figure 2a,b show
that both the PC and S textiles contain gaps between each fibre. This structure leads to the
electrodes contacting each other during the electrode spray coating process, which causes
short circuits. This is demonstrated in Figure 2e,f where the SEM photos for spray-coated
textiles (PC and S) without the membrane show the carbon layer travelling through the
textile structure. This causes carbon material to potentially penetrate through to the other
side of the textile causing short-circuits. In comparison, the SEM photos in Figure 2c,d,g,h
show that a polymer membrane with an EVA:PMMA ratio of 3:7 overcomes the membrane
shrinkage issue observed with the EVA:PMMA ratio of 1:9, creating a homogeneous
polymer layer. It not only acts as an electrical separator in the textile supercapacitors
but also fills the gap between textile yarns reducing the surface roughness of the textile
and blocking any carbon permeation through the substrate. This enhances the carbon
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deposition and forms a continuous and uniform distributed conductive electrode that leads
to a lower electrode resistance and higher power density.

 

Figure 1. (a) Cross-section view SEM photo of sample PC 1:9, (b) sample PC 3:7, (c) sample PC 5:5,
(d) plain view SEM photo of sample PC 3:7 and (e) high magnification plain view SEM photo of
sample PC 3:7.
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Figure 2. SEM photos showing plan views of (a) PC textile, (b) S textile, (c) PC textile with membrane
and carbon coating, (d) S textile with membrane and carbon coating, (e) PC textile with carbon
coating without membrane, (f) S textile with carbon coating without membrane, (g) PC textile with
membrane and carbon coating (high magnification) and (h) S textile with membrane and carbon
coating (high magnification).

3.2. Porosity, Electrolyte Uptake and Ageing Test

Based on the distilled water immersion methodology [33], the porosity of the PC and
PC 3:7 samples was evaluated. The PC 3:7 textile demonstrated a porosity of 24.9 ± 6%,
which was 6.9% lower than the PC textile only (31.8 ± 4%). The results from the electrolyte
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uptake and ageing test are shown in Figure 3a. After wetting the samples with an electrolyte
containing tetraethylammonium tetrafluoroborate salt and dimethyl sulfoxide (the same
electrolyte from the electrochemical testing), the PC 3:7 textile maintained a higher (or com-
parable when accounting for the uncertainty) volume of electrolyte (51.1 ± 8% mL·cm−2)
than the PC textile (47.8 ± 10% mL·cm−2). The samples were then stored in air at 23 ◦C
for 24 h to assess the electrolyte retention. As can be seen, the PC 3:7 textile exhibited
similar or better retention compared to the textile alone throughout ageing. The engi-
neered copolymer membrane, containing EVA and PMMA polymers, fills the gaps between
the PC textile yarns and replaces them with much smaller-sized air pores (with this ob-
servation agreeing with the SEM results in Section 2.1) and is the reason for the lower
porosity. However, despite the lower porosity, the membrane-infused textile was able to
absorb a greater amount of electrolyte and retained it better/or equal to the textile. In
fact, after 21 h, the retention of the electrolyte was significantly better, suggesting that
with further refinement, the membrane could be engineered to retain electrolytes far in
excess of the textile alone. The Nyquist plot results of the PC 3:7 textile and PC tex-
tile are shown in Figure 3b, with the tests performed over the frequency range of 0.1 to
250 kHz at a 10 mV voltage amplitude. The equivalent series resistance of the PC 3:7
textile (34.6 ± 18.7% Ω or 0.956 ± 16.4% mS·cm−1) is more resistive than the PC textile
(25.4 ± 15.6% Ω or 1.30 ± 17.5% mS·cm−1) (characterised close to 250 kHz) at the crossing
point of the real axis. Though higher, the resistance values demonstrate that the membrane
does not dramatically influence the equivalent series resistance of textile and thus does not
diminish the electrochemical behaviour of the PC textile.

Figure 3. (a) Nyquist plots of PC 3:7 textile and PC textile and (b) electrolyte uptake and ageing test
of PC 3:7 textile and PC textile.

3.3. Electrochemical Results

Each device has a surface area of 0.785 cm2 with a thickness of approximately 244, 150,
250 and 50 μm for the P, PC (thin), PC and S textiles, respectively. The following results
were averaged from five device tests. Cyclic voltammetry (CV) tests were performed at
different scan rates between +/−1.8 V at 150 mV·s−1, and Galvanostatic cycling (GC) tests
were performed between 0 and 1.8 V at a cycling current of 1 mA·cm−2.

The CV and GC test results for the single-layer textile supercapacitors based on the
impregnated textile substrates (P, PC (thin), PC and S) with an EVA:PMMA ratio of 3:7 are
shown in Figure 4a,b, respectively. The single-layer textile supercapacitors with polyester
textile (type P), polyester-cotton textile (type PC) and thinner polyester-cotton textile (type
PC thin) achieved areal capacitances of 29.2 mF·cm−2, 35.6 mF·cm−2 and 27.6 mF·cm−2,
respectively. The single-layer silk textile supercapacitor was shown to work without short
circuits and charged to +/−1.8 V; however, it demonstrated a reduced area capacitance
of 3.12 mF·cm−2. The incorporation of the copolymer membrane as a separator enables
supercapacitors to be reliably fabricated in a single layer of silk which cannot be achieved
without the membrane in place. However, the nature of the weave with the larger gaps
means the resulting capacitor properties are the lowest of the textiles tested in this study.

57



Polymers 2022, 14, 3399

 

Figure 4. (a) CV and (b) GC result for single-layer textile supercapacitor based on the different textiles
with an EVA:PMMA ratio of 3:7. (c) CV and (d) GC result for single-layer textile supercapacitor based
on PC 1:9, PC 3:7, PC 5:5 and PC without membrane.

With the PC textile exhibiting the best electrochemical performance, this textile was
further investigated to determine supercapacitor performance with the other membrane
ratios. The CV and GC results for the different membrane ratios are shown in Figure 4a,b.
These results indicate the single-layer textile supercapacitor based on PC 3:7 achieved a
higher capacitance and a lower internal resistance of 320.4 Ω·cm−2 (obtained from the
voltage drop in GC results) compared to the devices made from the membrane-infused
textiles PC 1:9 (925.7 Ω·cm−2) and PC 5:5 (1904.1 Ω·cm−2). Four out of five devices with the
PC1:9 membrane textile short-circuited upon testing. The only successful device demon-
strated an areal capacitance of 24 mF·cm−2. From the SEM analysis of the 1:9 polymer ratio,
this poor reliability is attributed to over shrinkage of the membrane, leading to contact
between the electrodes. All five supercapacitors with textile membrane PC5:5 successively
passed the CV and GC testing but achieved a much lower capacitance of (11.9 mF·cm−2)
than the textile membrane PC 1:9 and PC 3:7 supercapacitors (Figure 4c,d). This was
because the higher loading of EVA in the membrane blocked the electrolyte flow between
carbon electrodes (as theorised from the SEM analysis), reducing its capacitance and in-
creasing its resistance. Whilst previous work demonstrated successful single textile layer
supercapacitors fabricated in cotton [17], devices replicating this structure in PC without
the membrane effectively failed and could only be charged to 0.6 V under GC cycling
(Figure 4d). This demonstrates that single-layer textile supercapacitors cannot be fabricated
with this kind of textile without the introduction of a membrane layer, highlighting the
significance of this membrane for low-thickness textile supercapacitors.

With the introduction of a secondary layer within the textile, the mechanical stability
of the TSC could be impaired. As such, the best performing device (PC 3:7) underwent a
series of cyclical bending tests around a 3.2 mm diameter mandrel, with the electrochemical
performance being monitored throughout. Figure 5a,b show the CV and GC test results
of this single-layer textile supercapacitor based on PC3:7 before bending and after 500
and 100 bending cycles. The CV results in Figure 5a indicate that the supercapacitor’s
performance was not negatively influenced by the mechanical bending. As shown in
Figure 5b, the discharge time of the device increased slightly, showing a capacitance
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increase after bending from 35.6 mF·cm−2 to 36.2 mF·cm−2 after 500 bending cycles and
37.3 mF·cm−2 after 1000 bending cycles. The initial IR voltage drop at the beginning of
the discharge stage in the GC testing reduced significantly from 0.346 V before bending to
0.285 V after 500 bending cycles and 0.192 V after 1000 bending cycles. This change led to
lower device resistance and hence improved maximum power density from 0.253 W·cm−3

to 0.448 W·cm−3 after 1000 bending cycles. The improvement in supercapacitor properties
after bending may be due to the membrane relaxing and becoming fractionally more
porous, but any change was too small to be observed in the SEM analysis.

 

Figure 5. (a) CV and (b) GC result for single-layer textile supercapacitor based on PC3:7 before and
after bending. (c) Energy density (ED) and average power density (PD) Ragone plot, (d) capacitance
variation of single-layer textile supercapacitor based on PC 3:7 and extract from GC test with cycling
currents are 0.25, 0.5, 1, 2, 4, 8 mA·cm−2. All results are based on device thickness of 250 μm and
carbon material loading of 3.56 mg·cm−2.

From the results presented in Figure 5c,d, the maximum results for the single-layer
textile supercapacitor based on the PC 3:7 textile (tested at a cycling current of 0.25 mA·cm−2)
are an areal capacitance of 38.2 mF·cm−2 or 1.51 F·cm−3 (based a device thickness of 250 μm).
The maximum energy density and average power density obtained at a cycling current
of 0.25 mA·cm−2 were 0.68 mWh·cm−3/4.88 Wh·kg−1 and 0.32 W·cm−3/0.057 kW·kg−1,
respectively. An increase in the cycling current to 8 mA·cm−2 results in increases in
average power density to 17.1 W·cm−3 or 3 kW·kg−1; however, the maximum energy
density reduces to 0.47 mWh·cm−3/3.32 Wh·kg−1 and the areal capacitance reduces to
26.4 mF·cm−2 or 1.06 F·cm−3.

4. Conclusions

This paper presented a novel fabrication process for supercapacitors within a single
textile layer, regardless of the type, thickness and structure of the fabric. This was delivered
through the implementation of a phase-inverted copolymer membrane layer integrated
directly within the textile. This membrane layer acts as the electrically insulating layer
as well as reducing the permeation of carbon through the substrate during production.
This enabled the use of ultrathin textiles as a single-layer substrate for the first time. Three
polymer formulations were investigated and shown to produce large variations in both
bulk material properties and electrochemical results. The membrane formed from the
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3:7 ratio of EVA:PMMA was shown to have the best capacitive, mechanical and physical
properties. The lower EVA content (1:9) showed significant shrinkage during the phase
inversion and allowed carbon to penetrate the membrane resulting in short circuits. The
higher EVA content (5:5 ratio) showed a significantly lower porosity. Electrochemically,
the carbon-based TSC produced from the PC3:7 substrate demonstrated the highest areal
capacitance, energy and power densities (38.2 mF·cm2, 1.51 F·cm3, 0.68 mWh·cm−3 with
an average power density of 0.32 W·cm−3). The membrane textile was also shown to be
stable under mechanical bending of up to 1000 cycles, indicating a good level of mechanical
robustness. Future work will include improving the homogeneity of the membrane and its
incorporation into textile-based primary and secondary batteries.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14163399/s1, Figure S1: SEM photos showing plan views
of (a) PC 150 textile, (b) P textile, (c) PC 150 textile with membrane and carbon coating, (d) P textile
with membrane and carbon coating, (e) PC 150 textile with carbon coating without membrane, (f) P
textile with carbon coating without membrane, (g) PC 150 textile with membrane and carbon coating
(high magnification), (h) P textile with membrane and carbon coating (high magnification); Figure S2:
(a) Bending test set up, (b) Mandrel used in bending test.
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Abstract: This investigation deals with the prediction of mechanical behavior in basalt-fiber-reinforced
concrete using the finite element method (FEM). The use of fibers as reinforcement in concrete is
a relatively new concept which results in several advantages over steel-reinforced concrete with
respect to mechanical performance. Glass and polypropylene (PP) fibers have been extensively used
for reinforcing concrete for decades, but basalt fibers have gained popularity in recent years due to
their superior mechanical properties and compatibility with concrete. In this study, the mechanical
properties of basalt-fiber-reinforced concrete are predicted using FEM analysis, and the model results
are validated by conducting experiments. The effect of fiber-volume fraction on the selected mechani-
cal performance of concrete is evaluated in detail. Significant improvement is observed when the
loading is increased. There are superior mechanical properties, e.g., load bearing and strain energy in
basalt-fiber-reinforced concrete as compared to conventional concrete slabs reinforced with gravel
or stones. The results of the simulations are correlated with experimental samples and show a very
high similarity. Basalt-fiber-reinforced concrete (BFRC) offers a lightweight construction material as
compared to steel-fiber-reinforced concrete (SFRC). Further, the problem of corrosion is overcome by
using this novel fiber material in concrete composites.

Keywords: fiber-reinforced concrete; basalt; finite element analysis (FEA); stress; strain energy; ductility

1. Introduction

Fiber-reinforced composites have been utilized for quite some time now. Composites
using fibrous reinforcement materials with high strength, low density, along with high
ductility are used in many fields such as aerospace, construction, and defense. Due to
their evident advantages, much research has been carried out in this field to examine the
possibility of using such composites in other fields where they have not been used. This
approach also helps in decreasing the cost of materials for more widespread applications.
Fiber-reinforced concrete, as opposed to conventional concrete, is a relatively new concept.
The use of fibers in concrete decreases the weight of the slabs and columns. They also have
very good insulation properties and are not magnetic in nature. Though at lower loads the
crack widths and extensions are higher for fiber-reinforced concrete due to its lower Young’s
modulus, at higher loads, crack spacing decreases relative to steel reinforcement. Creep
and shrinkage behavior in fiber-reinforced concrete is similar to those in steel-reinforced
concrete slabs and columns [1,2]. The fibers used for this purpose are glass, polypropylene
(PP), basalt, and carbon fibers (though rarely, due to their relatively higher cost) [3–7].

Basaltic rock is formed from solidified lava (igneous rock). It is an extremely hard,
fine-grained extrusive rock and consists of the minerals SiO2, Al2O3, CaO, MgO, K2O,
Na2O, Fe2O3 and FeO. It has high abrasion resistance, excellent resistance to extreme
temperatures, good insulation properties (heat, sound, and electrical), lower moisture
absorption, inertness to the environment, and very high durability [8–11]. Basalt fibers
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are extracted from this rock through melt extrusion. The rock is first broken into very
small pieces, melted, and then made to flow through bushings with many fine orifices to
form the fiber. This process does not use any additional materials; the fiber is made with
a naturally available material and requires less energy and is cheaper than many other
high-performance fibers such as glass, carbon, etc. The chemical composition of basalt fiber
is very similar to that of glass fiber [12].

Unlike many other fibers, basalt fiber is known to properly disseminate in the concrete
mix when used instead of forming balls and has very high bio-solubility. Its stress–strain
behavior is linear up to its failure [13–17]. It is more economic compared with carbon fiber
and is more advantageous compared with glass fiber with respect to many criteria (e.g.,
Young’s modulus, acid resistance, etc.) and has therefore been extensively investigated in
many studies in order to explore the possibility of replacing glass fibers in concrete [18–22].

Basalt-fiber-reinforced concrete shows higher splitting tensile strength and toughness
as compared to pure concrete, but its compressive strength decreases over time. With
increasing fiber length, there is an increase in tensile strength, compressive strength, and
toughness, which may be because interfacial bonding increases with increasing surface
area [23–26]. Basalt fiber shows a higher Young’s modulus than glass fiber, and the com-
pressive strength and flexural behavior of basalt-reinforced concrete is found to be superior.
However, basalt fibers show lower tensile strength as compared to glass fibers [27]. Basalt
fibers or fibrous materials are usually coated with a binding agent in order to make them
compatible with the concrete. It has been observed that basalt fibers are ‘wetted out’ by
these binders well [28–31]. A higher number of admixtures must be added in order to
increase the slump to the required level. This is due to the fact that the fibers have larger
surface areas as compared to the aggregates in the mix, and they bond with a higher amount
of cement, thereby increasing the viscosity of the mix [32,33].

Basalt fibers are extracted from volcanic rocks and are therefore a purely natural
product. They do not involve artificial chemicals or reagents. They have been referred to
as a “green material” in the literature. The environmental impact of using such material
instead of synthetic material is very significant [33,34].

Using chopped basalt fibers in concrete mix is not the only way of reinforcing. Basalt-
woven structures or rebars are other alternatives. They are lighter than other forms of
reinforcement, and using a lower amount of basalt fibers/rebars may generate the same
strength while considerably reducing the weight of the slabs [34,35]. They can also be cut
into the length required more easily with the normal available cutting tools.

In this study, the mechanical properties of basalt-fiber-reinforced concrete slabs were
predicted using the finite element analysis. Simulations were conducted using ANSYS by
making CAD models of the samples and the obtained results were analyzed. To study
the tensile property of basalt-fiber-reinforced concrete, experiments were carried out by
making samples of pure concrete and 1%, 2%, and 3% basalt-fiber-(by weight) reinforced
concrete. The simulation results were compared with experimental samples as well as
with findings of previous studies. The properties were also compared to those of fine
and coarse aggregates used in concrete. The influence of basalt fiber as a replacement for
stone/aggregates in concrete slabs was investigated.

2. Materials and Methods

2.1. Materials

Details of the basalt fibers and concrete used are given in Table 1. The basalt fiber
was received from the company Basaltex (Wevelgem, Belgium). The standard commercial
concrete was purchased from a local market.
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Table 1. Specifications of the basalt fiber and concrete used.

Properties Basalt Fiber Concrete

Length 1 cm
Diameter 0.5 mm

Grade M30
Density 2650 kg/m3 2240 kg/m3

Young’s modulus 89 GPa 17 GPa
Poisson’s ratio 0.3 0.33

Tensile yield strength 4560 MPa 0.142 MPa
Compressive yield strength 49.5 MPa 24.13 MPa

Ultimate tensile strength 4840 MPa 2.2 MPa
Ultimate compressive strength 45.326 MPa 40 MPa

The chemical composition of the basalt fiber is given in Table 2.

Table 2. Chemical composition of the basalt fiber used.

Chemical Composition of Basalt Rocks %

SiO2 52.8
Al2O3 17.5
Fe2O3 10.3
MgO 4.63
CaO 8.59

Na2O 3.34
K2O 1.46
TiO2 1.38

A qualitative elemental analysis of the basalt fiber determined that SiO2 and Al2O
were the dominant compounds. The content of FeO and Fe2O3 played a very important
role in determining many physico-mechanical properties of basalt fibers, such as density,
color (from brown to dull green, depending on the FeO content), lower heat conduction,
and better temperature stability compared with those of E-glass fibers. The basalt fibers
were pretreated against possible alkali reactions [33,35].

2.2. Methods
Experimental Samples

Four types of experimental samples were prepared as shown in Figure 1. They
were the plain concrete sample, 1% (by weight of concrete) basalt-fiber-reinforced sample,
2% basalt-fiber-reinforced sample, and 3% basalt-fiber-reinforced sample. The concrete
samples were prepared by mixing the cement-aggregate mixture with 30% water (by weight
of concrete) and different percentages of chopped, short staple basalt fibers (by weight of
concrete). The samples had a dimension of 11 cm × 7 cm × 1 cm. These samples were
tested under a tensile load.

The tensile testing was conducted on a Zwick/Roell universal tensile tester as per the
standard ASTM C1399 [36,37]. Twenty samples sized 11 cm × 7 cm × 1 cm were tested for
each experiment. The average of 20 measurements was reported to have significance at a
95% confidence interval. The coefficient of variation was below 5%. The testing device is
shown in Figure 2.

64



Polymers 2022, 14, 4108

 

Figure 1. Samples prepared for tensile testing.

 

Figure 2. Zwick/Roell universal tensile tester.

The average material property was used for defining the composite/concrete elements.
Multi-scale mechanical models were developed in order to predict the properties of the
fiber-based composites.

For the theoretical estimation of the mechanical properties of the fiber-reinforced
concrete, the corresponding mechanical properties of the fibers and pure concrete were
experimentally evaluated. The mechanical properties of the basalt-fiber-reinforced concrete
was estimated using a Halpin–Tsai model. This model is commonly used for the prediction
of the effective mechanical properties of fiber-reinforced concrete (composites) [36–38]. The
Halpin–Tsai equation is expressed as:

Kc = Km

[
1 + ξζVf

1 − ηVf

]
(1)
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With η =

⎡
⎣
(

K f /Km

)
− 1(

K f /Km

)
+ ζ

⎤
⎦ (2)

where,
Kc = the effective mechanical property of the fiber-reinforced concrete;
Kf and Km are the corresponding fiber and concrete mechanical properties, respectively;
Vf = the fiber volume fraction;
ζ = the geometrical parameter, which represents the loading conditions (e.g., uniaxial,
biaxial, multiaxial, etc.).

The modeling was carried out using a micro-scale representative volume element
(RVE), which was subsequently transferred to a meso-scale RVE of the final composite
to calculate the elastic constants by homogenization. Research has been reported about
the prediction of mechanical properties in concrete with a given fiber-volume percentage.
The predictions were reported to have a very good agreement with the experimental
results [39,40].

The FE solution is broken down into the following three stages. This is the basic
guideline that can be used for setting up any FEA [39–41].

The major steps in preprocessing are given below:

• Defining key points/lines/areas/volumes in the concrete slab.
• Defining element type and material/geometric properties for fiber, gravels, as well as

the cementitious matrix.
• Defining mesh lines/areas/volumes as required.

The amount of detail required depends on the dimensionality of the analysis (i.e., 1D,
2D, axisymmetric, and 3D).

Simulations were conducted on the following models to test their tensile strength:

• Plain concrete sample;
• Concrete sample reinforced with 1% basalt fiber;
• Concrete sample reinforced with 2% basalt fiber;
• Concrete sample reinforced with 3% basalt fiber.

In addition to these, some other simulations were also conducted in order to compare
the fiber-reinforced concrete with the standard concrete reinforced with aggregates/stones.
For such a simulation, the volume fraction of aggregates was considered as 3%. The density
of such aggregates was taken from the literature [31,34,38]. The properties of concrete and
the aggregates were inputted into the model. All other conditions of loading were the same
for the 3% basalt-fiber-reinforced concrete. The parameters were selected as follows:

• Three percent very fine aggregates (average 4 mm) with a density of 2615 kg/m3 and
a volume equivalent to that of the chopped fibers;

• Three percent coarse aggregates (average 7 mm) with a density of 2660 kg/m3 and a
volume equivalent to that of the chopped fibers.

A unit cell was prepared for each case with a dimension of 0.5 × 7 × 1 cm. A total of
twenty-two (22) unit cells were stacked one above the other to make the complete concrete
slab structures shown in Figures 3–8.
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Figure 3. Plain concrete slab model (11 × 7 × 1 cm).

 

Figure 4. One percent fiber sample model (11 × 7 × 1 cm) and concrete slab.

Figure 5. Two percent fiber sample model (11 × 7 × 1 cm) and concrete slab.
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Figure 6. Three percent fiber sample model (11 × 7 × 1 cm) and concrete slab.

Figure 7. Three percent fine aggregate sample model (11 × 7 × 1 cm) and concrete slab.

 

Figure 8. Three percent coarse aggregate sample model (11 × 7 × 1 cm) and concrete slab.

The static structural module in ANSYS was used to carry out the simulation in order
to compare the tensile strengths of each of the samples. The following simulations were
carried out:

• The simulation of all samples with one end fixed and a force of 50 × 105 N acting on
the opposite face.

• The simulation of the pure concrete sample with one end fixed and a force of
150 × 105 N acting on the opposite face (the force at which pure concrete the block
reached failure in the actual conducted experiment).

• The simulation of the 1% fiber-reinforced concrete sample with one end fixed and
a force of 300 × 105 N acting on the opposite face (the force at which the 1% fiber-
reinforced concrete sample failed in the conducted experiment).
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• The simulation of the 2% fiber sample with one end fixed and a force of 500 × 105 N
acting on the opposite face (the force at which the 2% fiber-reinforced concrete sample
failed in the conducted experiment).

• The simulation of all the 3% filler-based concrete samples (fibers, fine aggregates, and
coarse aggregates) with one end fixed and a force of 700 × 105 N acting on the opposite
face (the force at which the 3% fiber sample failed in the experiment conducted).

To determine the advantages of the linear behavior of basalt fiber until failure, sim-
ulations were also conducted assuming a yield point before the ultimate failure. The
simulations for these are not shown in this paper, but the effects were insignificant.

The input parameters given are as follows:
Young’s modulus of basalt fiber = 89 GPa; Poisson’s ratio of basalt fiber = 0.3.
Young’s modulus of concrete = 17 GPa; Poisson’s ratio of concrete = 0.33.
The tensile yield and ultimate strength values, as well as the compression yield and

ultimate strengths were also given as inputs, but they were found to have no effect on the
results as explained later in this section.

The basalt fibers, fine aggregates, and coarse aggregates were all given with the same
dimensions for comparison purposes. The model was built with a coarse mesh and the
simulation was carried out. The distribution of stress along the samples were found for the
following parameters in each sample:

Directional deformation (m)—(along the y-axis, along which the force was applied).
Strain energy (U) is given by the following expression:

U = 0.5 × (V/E) × S2 (3)

where U = strain energy, V = volume, E = Young’s modulus, and S = stress.
This gave a measurement of Young’s modulus of different samples under similar

stress conditions. The higher the stored strain energy, the lower the Young’s modulus of
the structure (or part of the structure being analyzed).

3. Results and Discussion

3.1. Experimental Results

The experimental samples were tested on a universal testing machine. The average
result of 20 measurements was taken. The load extension graph obtained for the samples is
given in Figure 9.

Figure 9. Load-extension curves from tensile testing of experimental concrete slabs.
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The tensile strength significantly increased as the percentage of the fiber increased.
The strength increased by around four times when the fiber percentage was 2%. The
elastic modulus also increased when the fiber percentage increased from 0 to 1% but after
that, remained almost constant when further increased. The crack patterns were also very
different for the sample without the fibers and the samples reinforced with the fibers.
The failure/crack path in the case of the samples reinforced with basalt fibers was much
more tortuous due to the presence of fibers, not a straight horizontal line (i.e., the shortest
path), unlike the case of the pure concrete sample. The overall extension increased for
the fiber-reinforced concrete, and it was also proportional to the fiber weight percentage.
The samples are shown in Figure 10. The cracking pattern showed that with an increasing
weight percentage of basalt fiber, cracking was more difficult. This indicated that basalt
fibers are able to more efficiently absorb the tensile stress in concrete.

 

Figure 10. Crack patterns in 0%, 1%, 2%, and 3% basalt-fiber-reinforced concrete samples after tensile
testing (pictures formatted so that crack patterns are clearer).

The peak load and extension are also given in Table 3.

Table 3. Experimental results for the mechanical behavior of concrete.

Type of Concrete Slab
Experimental Stress

(105 Pa)
Deformation at Peak Stress (mm)

Pure concrete slab 0.52 0.75
1% basalt-fiber-reinforced concrete slab 3.64 0.67
2% basalt-fiber-reinforced concrete slab 6.11 0.22
3% basalt-fiber-reinforced concrete slab 7.68 0.13

3% fine-aggregate-reinforced concrete slab 2.65 0.31
3% coarse-aggregate-reinforced concrete slab 5.52 0.51

It can be observed that an addition of basalt fiber of up to 3% increased the peak
stress in the concrete. Further, the deformation at peak stress was reduced, thus increasing
the load-bearing capacity. The basalt-fiber-reinforced concrete showed improved perfor-
mance as compared to pure concrete as well as fine-/coarse-aggregate-based samples.
Similar studies have been reported in the literature where the performance of concrete was
improved by an addition of up to 3% microfibers and waste mineral admixtures [42].

The inclusion of micro-silica in small doses has been reported to be superior with
respect to the tensile performance of concrete. It has also been reported that micro-fillers
enhance the bond strength, which was responsible for the improvement of mechanical
performance in concrete composites [43].
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3.2. Results of Simulations Using FEM

The simulations of concrete samples were carried out based on the defined conditions.
The results are shown in Figures 11–22.

Figure 11. Plain concrete slab at 50 × 105 N force (deformation and strain energy).

Figure 12. Plain concrete slab at 150 × 105 N force (deformation and strain energy).

Figure 13. One percent basalt-fiber-reinforced concrete slab at 50 × 105 N force (deformation and
strain energy).
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Figure 14. One percent basalt-fiber-reinforced concrete slab at 300 × 105 N force (deformation and
strain energy).

Figure 15. Two percent basalt-fiber-reinforced concrete slab at 50 × 105 N force (deformation and
strain energy).

Figure 16. Two percent basalt-fiber-reinforced concrete slab at 500 × 105 N force (deformation and
strain energy).
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Figure 17. Three percent basalt-fiber-reinforced concrete slab at 50 × 105 N force (deformation and
strain energy).

Figure 18. Three percent basalt-fiber-reinforced concrete slab at 700 × 105 N force (deformation and
strain energy).

 

Figure 19. Three percent fine-aggregate-based concrete slab at 50 × 105 N force (deformation and
strain energy).
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Figure 20. Three percent fine-aggregate-based concrete slab at 700 × 105 N force (deformation and
strain energy).

Figure 21. Three percent coarse-aggregate-based concrete slab at 50 × 105 N force (deformation and
strain energy).

Figure 22. Three percent coarse-aggregate-based concrete slab at 700 × 105 N force (deformation and
strain energy).
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The model for the plain concrete sample predicted a maximum stress of 6.9 × 104 Pa
and a maximum strain 4.2 × 10−6 m/m at 50 × 105 N force. The corresponding deformation
was 1.36 × 10−6 m. These values were quite close to the experimental result.

The predicted value for maximum stress at 150 × 105 N force was 2.1 × 105 Pa. The
maximum strain was predicted as 1.25 × 10−5 m/m.

The model for the 1% basalt-fiber-reinforced concrete predicted an increased maximum
stress at 50 × 105 N force. The value was predicted to be 4.35 × 105 Pa. The strain was
predicted as 4.75 × 10−6 m/m.

Simulations were performed for 1% basalt-fiber-reinforced concrete at a load of
300 × 105 N. they were based on the peak load obtained during the experimental tri-
als. The predicted value of maximum stress was 4.35 × 105 Pa. The corresponding strain
was predicted as 2.9 × 10−5 m/m.

Further simulations were performed for the 2% basalt-fiber-reinforced concrete sam-
ples at 50 × 105 N force. The predicted maximum stress was 7.29 × 104 Pa. The maximum
strain was predicted as 4.76 × 10−6 m/m. The performance was predicted as superior
to that of the 1% basalt-fiber-reinforced concrete sample. This also corresponded to the
findings of the experimental analysis.

Based on the peak experimental load, the simulations for the 2% basalt-fiber-based
concrete were performed at 500 × 105 N force. The maximum stress was predicted as
7.22 × 105 Pa. This was significantly higher than the maximum stress for the 1% fiber-
loaded concrete. Further, the stress was higher at a higher load. The maximum strain was
predicted as 4.76 × 10−5 m/m. It was observed to be slightly higher at higher loading. The
performance was similar to that of the results obtained from the experimental samples.

Simulations for the 3% fiber-reinforced sample were carried out at 50 × 105 N force.
The maximum stress was predicted as 7.38 × 104 Pa. This was much higher than the stress
level for the 1% and 2% fiber-loaded samples. These findings resembled the experimental
tests.

Based on the peak experimental load, further simulations were performed for the
3% basalt-fiber-reinforced concrete slabs at a load of 700 × 105 N. The maximum stress was
predicted as 10.18 × 105 Pa. This value was significantly higher than the maximum stress
for the 1% and 2% basalt-reinforced concrete. The corresponding strain was predicted as
6.66 × 10−5 m/m.

For a comparison of the fiber-reinforced concrete with respect to the standard concrete
with fine aggregates, simulations were performed at 50 × 105 N force. The maximum stress
was predicted as 7.05 × 104 Pa. This stress value was higher than that of the plain concrete
but lower than that of even the 1% basalt-fiber-based concrete. Further, the strain was
predicted as 4.42 × 10−6 m/m, which was lower than that of the basalt-fiber-based samples
but slightly higher than that of the plain concrete sample.

The fine-aggregate-based sample was also loaded at 700 × 105 N force in order to
compare its performance with the corresponding sample of the 3% basalt-fiber-reinforced
concrete slab. It was predicted that the maximum stress would be 7.12 × 105 Pa. This was
higher than the maximum stress for the 1% basalt-fiber-based sample. However, it was
significantly lower than that of the 3% basalt-fiber-reinforced sample and slightly lower
than that of the 2% fiber-based sample. This was an indication that a 2–3% reinforcement
of basalt fiber in the concrete would be optimum. It was also established through the
experimental analysis that the 3% basalt-fiber-based samples showed a higher stress level
than that of the 3% fine-aggregate-based concrete [44,45]. A higher fiber content resulted
in several practical and workability problems. The corresponding strain was predicted as
4.26 × 10−5 m/m. This was lower than the predicted stress for the basalt-fiber-reinforced
concrete. This was the result of fiber extensibility, which was higher than that of the
stones/aggregates.

Simulations were performed on concrete samples reinforced with coarse aggregates.
The loading condition was set as 50 × 105 N. The maximum stress was predicted as
6.96 × 104 Pa, which was lower than that of all the samples reinforced with basalt fiber.
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The maximum strain was predicted as 4.31 × 10−6 m/m. Thus, coarse aggregates could
be successfully replaced with basalt fibers comprising up to 3% of the overall volume in a
concrete mix.

The sample with 3% coarse aggregates was also simulated under 700 × 105 N force.
The maximum stress of 6.58 × 105 Pa was predicted. It was significantly lower than
the maximum stress in samples reinforced with 2% and 3% basalt fibers. Although, it
was higher than that of the pure concrete sample. This indicated that coarse aggregates
can be useful for the reinforcement of concrete; however, much better performances can
be achieved by replacing these with basalt fibers comprising up to 3% of the overall
volume. The maximum strain for the coarse-aggregate-based sample was predicted as
3.88 × 10−5 m/m. This was smaller than that of the basalt-fiber-based samples with 2%
and 3% loading. This was an indication of higher deformability under loading when there
was 2% and 3% basalt fiber in concrete. Such behavior in basalt-fiber-reinforced concrete
can prove beneficial under severe loading conditions, e.g., in the case of earthquakes.
Similar results have been reported in the literature that a hybrid effect of fibers and fillers
improved the crack resistance in reinforced composites and concretes. This performance
was dependent on the dosing percentage of the micro-fillers [44,45].

The results of the simulation at 50 × 105 N tensile force are summarized in Table 4.

Table 4. Simulation results for mechanical behavior of concrete at 50 × 105 N tensile force.

Type of Concrete Slab
Maximum

Deformation (m)
Strain Energy

(J)
Normal Stress

(Pa)
Normal Strain

(m/m)

Pure concrete slab 4.52 × 10−7 1.53 × 10−7 6.9 × 104 4.2 × 10−6

1% basalt-fiber-reinforced concrete slab 4.64 × 10−7 7.79 × 10−8 7.2 × 104 4.75 × 10−6

2% basalt-fiber-reinforced concrete slab 4.67 × 10−7 7.75 × 10−8 7.29 × 104 4.76 × 10−6

3% basalt-fiber-reinforced concrete slab 4.68 × 10−7 7.74 × 10−8 7.38 × 104 4.76 × 10−6

3% fine-aggregate-reinforced concrete slab 4.65 × 10−7 8.76 × 10−8 7.05 × 104 4.42 × 10−6

3% coarse-aggregate-reinforced concrete slab 4.52 × 10−7 3.96 × 10−8 6.96 × 104 4.31 × 10−6

The results of the simulation based on the corresponding load values obtained from
the experimental tensile tests are summarized in Table 5.

Table 5. Simulation results of mechanical behavior of concrete at tensile failure load (load value
obtained from the experiment value of peak load just before failure).

Type of Concrete Slab
Maximum

Deformation (m)
Strain Energy

(J)
Normal Stress

(Pa)
Normal Strain

(m/m)

Pure concrete slab (150 × 105 N) 1.36 × 10−6 1.32× 10−6 2.1 × 105 1.25 × 10−5

1% basalt-fiber-reinforced concrete slab (300 × 105 N) 2.79 × 10−6 2.85 × 10−6 4.35 × 105 2.9 × 10−5

2% basalt-fiber-reinforced concrete slab (500 × 105 N) 4.67 × 10−6 7.8 × 10−6 7.22 × 105 4.76 × 10−5

3% basalt-fiber-reinforced concrete slab (700 × 105 N) 6.55 × 10−6 10.52 × 10−6 10.18 × 105 6.66 × 10−5

3% fine-aggregate-reinforced concrete slab (700 × 105 N) 6.51 × 10−6 10.72 × 10−6 7.12 × 105 4.26 × 10−5

3% coarse-aggregate-reinforced concrete slab (700 × 105 N) 6.33 × 10−6 7.76 × 10−6 6.58 × 105 3.88 × 10−5

The meshing used for the FEM was relatively coarse (because of the limitation of the
number of nodes for which computation could be performed on the software). Although
this did not have much effect on the amount of deformation, the other parameters (strain
energy, normal stress, and normal strain) may have varied because of the difference in
meshing, and thus the values may have been more accurate and precise. But it can be clearly
observed that the trend was similar and independent of the meshing density/intensity. The
conditions given in the experiment and the simulations were similar; therefore, the values
obtained through the simulation were validated with the obtained experimental values.
Thus, it is important to note that the trends were found to be similar to those shown in
Figure 23. This indicated that both the computational simulation as well as the experiments
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were accurately conducted. The validation of the predicted results with the experimental
analysis was successful. The error was limited to a maximum of 3%.

Figure 23. Correlation of results from simulation and experimental samples (a) stress and
(b) deformation.

It can be observed from the results of the simulation that regarding 50 × 105 N force,
the deformations in all the samples were almost the same (as in the case of the experimental
samples). The Young’s modulus increased between the 0% and 1% basalt-fiber-based
samples but remained almost the same for the 2% and 3% fiber-reinforced samples. The
same behavior was also observed from the experiments (the strain energies were compared
to compare the Young’s moduli). The force just-before-failure can also be noted (i.e.,
150 × 105 N for pure concrete, 300 N for 1% fiber concrete, 500 × 105 N for 2% fiber,
and 700 × 105 N for 3% fiber-based concrete). Maximum deformation was obtained
for the 3% basalt-fiber-reinforced concrete, followed by the 2% fiber, 1% fiber, and pure
concrete slabs. Therefore, it can be concluded that the values significantly varied when
the fiber weight percentage was increased from 0% to 1%, but after that, they remained
fairly similar, especially for those of the 2% and 3% basalt-fiber-reinforced samples (from
50 × 105 N force).

Other simulations were conducted in order to understand the influence of fillers, e.g.,
3% basalt fiber, 3% fine aggregates, or 3% coarse aggregates. The behaviors of basalt-fiber-
or fine-aggregate-reinforced concrete slabs were very similar. However, the 3% coarse-
aggregate-reinforced sample showed very different results (they were to some extent
similar to those of the pure concrete slabs in the 50 × 105 N force category). This seemed to
prove that the basalt fiber distribution in the concrete mix influenced the strength, but the
fiber structure itself did not affect the mechanical properties. The simulations for the 3%
coarse-aggregate-reinforced concrete were conducted using a finer mesh, since the results
were not obtained for the same coarse mesh used for other samples, but the values were
comparable with those obtained for the pure concrete slabs with fine mesh. There was not
much improvement of mechanical performance in the case of the coarse aggregates.

The tensile ultimate and yield points and compression ultimate and yield points of
both fiber and cement were also given as input parameters, but it was observed that they
did not have much influence on the obtained results.

4. Conclusions

The experimental results showed that increasing the percentage of basalt fiber in
concrete increased the tensile strength by a significant amount and also improved the crack
propagation patterns/tortuosity (it had better elastic behavior). From the simulations, it
was also established that the percentage of basalt fiber (or aggregates) did not seem to make
much difference when the percentage was increased from 1% to 3% (especially between 2%
to 3%), but the increase from 0% to 1% significantly influenced the mechanical behavior.
Maximum stress was predicted for 3% basalt-fiber-reinforced concrete samples. The results
were found to be similar to those reported in the literature in this area. The simulations
were further validated with experimental samples with relatively higher accuracy. The
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error of prediction was limited to 3%. Moreover, the distribution of the filler material (fiber
or aggregates) in the sample influenced the mechanical properties, as observed from the
3% coarse aggregate and pure concrete samples. The fiber’s internal structure itself did not
have much effect on the mechanical properties of the concrete sample (shown by similar
results for fine aggregates and fibers). The simulation software only considered the values
of Young’s modulus and Poisson’s ratio for fiber-reinforced concrete. Changing the input
parameters into ultimate tensile and compression strength or yield point strength did not
affect the results.
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Abstract: This article explores wood-fiber-based fabrics containing Lyocell yarn in the warp and
Spinnova–Lyocell (60%/40%) yarn in the weft, which are used to form unidirectional all-cellulose
composites (ACC) through partial dilution in a NaOH–urea solution. The aim is to investigate the
role of the yarn orientation in composites, which was conducted by measuring the tensile properties
in both the 0◦ and 90◦ directions. As a reference, thermoplastic biocomposites were prepared from
the same fabrics, with biobased polypropylene (PP) as the matrix. We also compared the mechanical
and thermal properties of the ACC and PP biocomposites. The following experiments were carried
out: tensile test, TGA, DSC, DMA, water absorption test and SEM. The study found no significant
difference in tensile strength regarding the Spinnova–Lyocell orientation between ACC and PP
biocomposites, while the composite tensile strength was clearly higher in the warp (Lyocell) direction
for both composite variants. Elongation at break doubled in ACC in the Lyocell direction compared
with the other samples. Thermal analysis showed that mass reduction started at a lower temperature
for ACC, but the thermal stability was higher compared with the PP biocomposites. Maximum
thermal degradation temperature was measured as being 352 ◦C for ACC and 466 ◦C for neat PP, and
the PP biocomposites had two peaks in the same temperature range (340–474 ◦C) as ACC and neat
PP combined. ACCs absorbed 93% of their own dry weight in water in just one hour, whereas the
PP biocomposites BC2 and BC4 absorbed only 10% and 6%, respectively. The study highlights the
different properties of ACC and PP reference biocomposites that could lead to further development
and research of commercial applications for ACC.

Keywords: ACC; laminate; mechanical performance; NaOH–urea solvent; single-polymer composite;
sustainability; textile structures; thermal analysis; wood fibers

1. Introduction

Environmental concerns, such as dependence on petroleum-based materials, increas-
ing amounts of nonbiodegradable waste and pollution, are among the growing concerns
that have driven new biomaterials development [1]. Substituting petroleum-based poly-
mers with natural fibers or other organic sources has resulted in an increasing interest in
producing various composites from renewable, nonfossil resources. Cellulose-reinforced
composites can be an environmentally friendly option because they originate from renew-
able resources and have good biodegradability, have low density, are cost effective, have
good mechanical performance and are abundant [2,3].
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As a semicrystalline polymer, cellulose is difficult to dissolve [4]. During heating,
its crystalline phase is stabilized by strong hydrogen bonds, so the cellulose does not
go through crystal melting [5]. Solvents that can disturb the intramolecular bonding of
cellulose can offer a route to process it into useful products, such as regenerated fibers.
Currently, two industrially dominant technologies for creating regenerated cellulose fibers
are the Viscose and Lyocell processes [5]. Regenerated fibers are characterized by their high
purity, uniformity and reproducibility of mechanical and thermal properties [6]. There are
also numerous new types of wood fibers under development and in the early stages of
commercial production for the textile industry, where the focus is on improving production
efficiency, waste management and recycling, reducing the use of chemicals and water and
creating closed-loop production [7,8]. One new generation wood fiber is the Spinnova fiber,
which is mechanically refined without dissolution or regeneration from microfibrillated
cellulose that originates from raw wood pulp. Spinnova fiber is often combined with
other fibers, such as Lyocell, when it is woven into a textile material. Spinnova–Lyocell
textile reinforcements could be used in composite manufacturing in the same way as other
cellulosic reinforcements, but because it is a new fiber product, limited academic research
has yet been conducted.

The interaction between the reinforcement and matrix is crucial for the mechanical
and thermal properties of the composites. Thermoplastic polymers, such as polypropylene,
are not fully compatible with highly hydrophilic cellulose because of cellulose’s abundant
hydroxyl groups [9]. The weak interface between the reinforcement and matrix can be
improved by physical methods that change the structural and surface properties of the fiber
(e.g., surface fibrillation and electric discharge) or by chemical methods (e.g., pretreatments,
coupling agents and graft copolymerization) [10,11]. However, treatments usually add
costs and can increase chemical intake, as well as creating harmful pollution [12]. An
alternative solution to enhance adhesion between the components is to create a single-
polymer composite, in which both the reinforcement and matrix are formed by using the
same polymer [13,14].

All-cellulose composites (ACCs) are single-polymer composites formed of any type of
cellulose. Biodegradable ACCs can be produced by using two different cellulosic sources,
which are responsible for forming both the reinforcement and matrix. Another option is to
partly dissolve cellulose fibers so that the dissolved cellulose will form a matrix around
the reinforcement when the composite is processed by compression and heating. Diverse
selections of ACCs can be produced using different methods, solvents and raw materi-
als [8,15]. Nevertheless, less research has been published so far on comparing properties of
textile-based materials fabricated either as ACCs or as traditional biocomposites. Finding
out how the properties of ACCs stand compared with biocomposites is highly important
for further development of the ACCs and for their possibilities in the application range.

The aim and novelty of the present study was to investigate the performance of Lyocell
and less-known Spinnova fibers in ACC materials compared with polypropylene matrix
composites and to identify the advantages and disadvantages that ACC materials can yield.
Because it is known that the direction of the fiber vastly contributes to the properties of
the composite [16], unidirectional laminates were examined with a tensile tester for two
directions (0◦ and 90◦) to receive a direct comparison of the tensile behavior in the ACC
and biocomposites. Thermal analysis and water absorption tests were implemented to gain
further knowledge of the composite’s performance under changing conditions, which can
also greatly affect the material’s demand.

2. Materials and Methods

2.1. Materials and Treatments

The textile fabric used in the present study was a plain weave with two-ply Lyocell
yarn with 12.6 ends/cm in the warp and 60/40% Spinnova–Lyocell yarn with 16.5 picks/cm
in the weft with a surface weight of 173 g/m2. The material was provided by Spinnova
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Ltd., (Jyväskylä, Finland). The structure of the used textile fabric and the corresponding
obtained ACC composite is shown in Figure 1.

 
Figure 1. Initial material: Spinnova-Lyocell is seen on the left and produced ACC on the right.

An aqueous NaOH–urea solvent was used to partially dissolve the cellulosic fiber
structures. The solvent was prepared by dissolving 12 wt.-% NaOH and 7 wt.-% urea in
water at room temperature. The solution was then cooled down to −12 ◦C and used to
prepare the composites by soaking the assembled fabrics in a volume of 0.6 liters. The same
solvent batch was used to produce three to four laminate samples. The chemicals were of
reagent grade and were supplied by Sigma-Aldrich (Darmstadt, Germany). A biobased
(up to 30%) polypropylene was supplied by Nature Plast (Caen, France) and was used to
produce the reference PP biocomposites.

2.2. Composite Laminate Preparation

The all-cellulose composite laminates were produced by layering four sheets of fabrics
(18 × 18 cm2) unidirectionally as a stack. The unidirectional yarn orientation was controlled
by a mark on the individual layers. The piles were fully impregnated with the aqueous
NaOH–urea solvent for 1 min. Each laminate pile rapidly absorbed around 150 g of the
solvent, which was determined by weighing the fabric pile before and after impregnation.
The impregnated fabric piles were then placed in 10 L buckets and carefully rinsed with
water to remove excess solvent. After rinsing, the samples were left in the buckets in fresh
water. Water was changed repeatedly until the pH of the surface of the samples became
neutral, as tested using indicator paper. Neutralization took approximately 48 h. If the
stacked layers disintegrated during the dissolution or rinsing process, they were manually
joined together by tweezers before further processing.

The partly dissolved fabrics were converted to solid composites by pressing the fabric
layers together in a hydraulic hot press, where the temperature was set to 100 ◦C and
pressure to 60 bar. The pressing cycles are presented in Table 1. The samples were first
pressed for 5 s four times to remove excess water. This was followed by applying 1 min
pressure three times, with a 10 s steam release period between the pressings. To continue
processing, the samples were pressed once for 3 min and twice for 5 min, here with a 20 s
steam release period between the pressings. Finally, the samples were placed in the press
for 20 min at 100 ◦C. After the hot press procedure, the ACC composites (average thickness
of 0.60 mm) were wrapped in tissue paper and left between metal plates (fixed hand-tight
with screws) overnight at room temperature.
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Table 1. Pressing cycles in composite manufacturing for the hot press process.

Cycle
Order

Pressure Time Release Time
Number of
Cycles

Pressure Temperature

1 5 s 10 s 4 60 bar 100 ◦C

2 1 min 10 s 3 60 bar 100 ◦C

3 3 min 20 s 1 60 bar 100 ◦C

4 5 min 20 s 2 60 bar 100 ◦C

5 20 min 20 s 1 60 bar 100 ◦C

Thermoplastic biocomposite reference laminates were manufactured by combining the
same Spinnova–Lyocell textile with polypropylene (PP). PP granulates were transformed
to PP films with the hot press (200 ◦C), giving films with an approximate thickness of
0.25–0.40 mm. Thinner biocomposites (with average thickness of 0.68 mm) had two layers
of cellulose fabric and two layers of PP films (denoted as BC2), and thicker biocomposites
(with average thickness of 1.29 mm) had four layers of cellulose fabric and four layers
of PP film (denoted as BC4). Each laminate had approximately 45 wt.-% of cellulosic
textile fabric and 55 wt.-% of PP. The biocomposites were composed of alternating layers
of cellulose fabrics and PP films. The compression molding was carried out in a hot press
at 200 ◦C for 2 min. The obtained biocomposite laminates were finally placed at room
temperature between the metal plates for at least 15 min to allow for complete solidification
of the PP matrix.

2.3. Composite Characterisation
2.3.1. Tensile Test

Tensile tests were carried out in accordance with the ISO 527 standard using a Tinius
Olsen H10KT (Horsham, PE, USA) testing machine. A mechanical extensometer attached
to the specimen was used to measure the strain. The rate of loading was 10 mm/min and
the load tension was 2.5 kN. The gauge length was 50 mm, and the initial distance between
grips was 115 mm. The dumbbell-shaped specimens were cut from the laminates using a
laser cutting machine Laser Pro, GLS (Taipei, Taiwan). Tensile tests were performed in two
directions (0◦ and 90◦) to determine how fiber orientation affects the mechanical properties
of the composites. Twelve replicate specimens were tested in both yarn directions and for
all laminate types.

2.3.2. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTGA)
were conducted by an SDT Q500 thermal analyzer (TA instrument, New Castle, DE, USA).
Samples of approximately 12 mg were heated at 10 ◦C/min from 30 ◦C to 650 ◦C in a
nitrogen environment. The nitrogen flow rate was set to 40 mL/min.

2.3.3. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was carried out using the DSC Q1000 instru-
ment (TA instruments, New Castle, DE, USA). An approximately 7 mg sample was heated
in a nitrogen purge steam at a heating rate of 10 ◦C/min from 0 ◦C to 200 ◦C, which was
followed by cooling and a new heating cycle to determine the glass transition temperature.

2.3.4. Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was performed using a single cantilever test
with a Rheometrics Solids Analyzer RSA II (TA Instruments, New Castle, DE, USA). The
temperature range was set from 25 ◦C to 220 ◦C (note 160 ◦C for PP). The heating rate was
set to 3 ◦C/min, and the testing frequency was 1 Hz. Test samples were cut to a rectangle
shape (50 mm × 10 mm).
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2.3.5. Water Absorption Test

A water absorption test was carried out on samples of size 10 × 80 mm2. The samples
were first dried in an oven for 24 h at 60 ◦C, and then their mass was measured (denoted
as W0). During the first day, two additional measurements were taken: weight after 1 h
and 3 h of water exposure. The next measurements were scheduled after 24 h for the next
6 days. The mass at each measurement point in time was compared with W0 to detect
the amount of water absorbed as a function of time. The mass gain (m) is the percentage
change in mass relative to the initial mass, which was calculated using Equation (1). The
average mass gain was calculated from five replicated samples.

m =
W − W0

W0
·100% (1)

2.3.6. Scanning Electron Microscopy

Morphological changes in the cross-section area were detected using scanning electron
microscope (SEM) imaging carried out using a Hitachi S-4800 (Hitachi, Tokyo, Japan). The
samples were gold-coated (2 nm) with a Cressington sputter coater 208 HR (Watford, UK)
before the imaging.

3. Results and Discussion

3.1. Tensile Test

Tensile tests were carried out in two directions, where S stands for the Spinnova–
Lyocell (weft) direction and L stands for the Lyocell (warp) direction. The thinner polypropy-
lene reference biocomposites were marked as S-BC2 and L-BC2, and the thicker polypropy-
lene biocomposites were marked as S-BC4 and L-BC4. ACCs were marked as S-ACC and
L-ACC, depending on the direction of the test.

The tensile strength (MPa) results show (Figure 2) that there was practically no difference
between the ACC and PP biocomposites, BC2 and BC4, measured in the Spinnova–Lyocell
direction; indeed, the ACCs and biocomposites had quite similar strengths (35 +/− 2 MPa).
All the composites had higher tensile strength in the Lyocell direction compared with the
Spinnova–Lyocell direction, indicating better mechanical strength for the Lyocell fibers.
This could be explained by the Spinnova fiber being more dissolved in the NaOH–urea
dissolution process than the Lyocell fiber. The composite will therefore have better strength
in the Lyocell direction. The highest tensile strength, 51 MPa, was measured for the L-BC4,
and the lowest, 43 MPa, for the ACC in the Lyocell direction.

Figure 2. Tensile strength (MPa) for ACC and PP reference biocomposites. Tensile strength measure-
ments were performed in two directions, where S stands for the Spinnova–Lyocell (weft) direction
and L stands for the Lyocell (warp) direction. Lighter shade is used for ACC, darker for BC.
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A study comparing ACCs and biocomposites was published by Gildl-Altmutter
et al. [17], who reported a tensile strength of 34 MPa for nonwoven flax-based ACC, which
is comparable to the 35 MPa value for S-ACC seen in our experiment. However, in their
study, the tensile strength for flax–epoxy biocomposites was measured as being 79 MPa,
which is more than double compared with their flax-based ACC. In our study, the difference
between ACC and reference PP biocomposites in the Lyocell direction was only 2 MPa
for the Spinnova–Lyocell direction and 7–8 MPa for the Lyocell direction. Nevertheless,
comparing our results to other studies is complicated because of differences in the amounts
of fibers, their purities, solvents used and manufacturing techniques and conditions.

Similarly, the elongation at break (%) did not vary much between the S-ACC, S-BC2
and S-BC4 (Figure 3) specimens. The results also indicate that elongation at break (%) was
higher for all composites in the Lyocell direction than in the Spinnova–Lyocell direction.
The number of fabric layers, either two or four, in the PP biocomposites did not greatly
affect the properties. One interesting result was that elongation at break (%) value for L-
ACC was as high as 38%, whereas other composites’ received values were between 13% and
21%. Adak and Mukhopadhyay [18] measured the tensile properties of Lyocell-fabric-based
ACC using eight textile layers and ionic liquids as solvents. For a half an hour dissolution
time, they received elongation at break values of roughly 26% in the warp direction and
30% in the weft direction. The elongation at break values in our L-ACC specimens were
higher than those in the specimens of Adak and Mukhopadhyay [18]. A reason for this
might be that Lyocell fiber, which has a skin–core structure [19], is more elastic than the
Spinnova fiber, which is produced without regeneration [20]. In addition, L-ACC does
not have a cohesive matrix, such as polypropylene in L-BC2 and L-BC4, which will keep
the fiber in place and prevent greater elongation. Different textile layers are also strongly
attached to each other in the PP biocomposites compared with ACC. This is visualized in
the broken tensile test samples (Figure 4).

Figure 3. Elongation at break (%) for ACC and biocomposites. Measurements were performed in
two directions, where S stands for the Spinnova–Lyocell (weft) direction and L stands for the Lyocell
(warp) direction. Lighter shade is used for ACC, darker for BC.
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(a) (b) 

  
(c) (d) 

Figure 4. Broken dumbbell tensile test samples. Test samples of L-ACC are seen in (a), L-BC2
in (b) and L-BC4 in (c), and two of each sample category in the same order are seen in image (d).

3.2. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) quantified the thermal resistance by recording the
percentage weight loss of the samples when there were increasing temperatures. In the
thermal analyses, there was no difference between the Lyocell and Spinnova–Lyocell yarn
directions; therefore, only each type of composite, that is, ACC, BC2 and BC4, were exam-
ined. In addition, neat PP film was tested to give a reference value for the PP biocomposites.

The TGA results (Figure 5) show that there was a small mass reduction for ACC during
the beginning of the heating cycle, which was because of evaporating water. This was
also reported in previous studies [21–23]. A further sharp decrease in mass reduction for
ACC started at around 310 ◦C, and a steadier decrease continued at around 360 ◦C. For PP
biocomposites, a sharp mass reduction started later at around 420 ◦C. It also approached
zero in a single step without leaving any significant residue. The PP biocomposites behaved
almost identically in TGA, and we could see a clear difference between them and the ACC
and neat PP. It was also visible that degradation decreased in the two different temperature
regions where the curves were corresponding values of ACC and PP. The biocomposites’
final mass residue was around 10% in the end; therefore, compared with PP, it had higher
thermal stability, while ACC had the highest.

Figure 6 shows the results of the differential thermogravimetric analysis (DTGA). The
maximum thermal degradation temperature was measured at 352 ◦C for ACC and 466 ◦C
for PP biocomposites. For the biocomposites, thermal degradation occurred in a similar
temperature range (from 340 ◦C to 474 ◦C) than ACC and PP. The first peaks indicating
maximum thermal degradation were attributed to the cellulose reinforcement, and the
second peaks were attributed to the PP polymer matrix. The maximum decomposition rates
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were close to the ACC and PP values, but there was a small shift where the high-intensity
areas were located, which could be because of the changes in mass. The values of the first
peaks for BC2 and BC4 were 339 ◦C and 340 ◦C and, for the second peaks, 469 ◦C and
475 ◦C, respectively.

 
Figure 5. Results of TGA for all-cellulose composites (ACC), polypropylene biocomposites (BC2 and
BC4) and neat polypropylene (PP).

Figure 6. Results of the DTGA for all-cellulose composites (ACC), biocomposites (BC2 and BC4) and
polypropylene (PP).

Measured values from thermal testing depend on parameters such as nitrogen rate,
sample weight and heating rate [24]. In a nitrogen environment, the thermal decomposition
of PP has previously been recorded to start at 300 ◦C and end at 475 ◦C [25], which is ~10 ◦C
lower than what was recorded in our study. Yang et al. [22] manufactured ACCs from
regenerated fibers and reported that the initial decomposition temperatures of modified
ramie fibers, natural ramie fibers and regenerated cellulose films were 281 ◦C, 262 ◦C and
270 ◦C, respectively, while the peak of the modified ramie fibers was approximately 356 ◦C.
The results indicate that ACCs made of Spinnova–Lyocell cellulose fibers in our research
have as high thermostability as modified ramie-fiber-based ACCs.

3.3. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) can detect any residual exothermal heat
present in the samples. As shown in Figure 7, the exothermic peak, which represents
crystallization temperature (Tc), was measured at 122 ◦C for PP, BC4 and BC2, while the
respective heat flows were 2.6 W/g, 1.5 W/g and 1.4 W/g. The melting temperatu©Tm
for the PP biocomposites and neat PP was measured at 164 ◦C. Similar results have been

87



Polymers 2023, 15, 475

reported in the literature: Tm was detected at 165 ◦C for pure PP (Ibrahim et al., 2016) and
163 ◦C for biocomposites modeled using microcrystalline cellulose and PP/PLA [26]. The
main difference between PP, PP biocomposites and ACC was that ACC did not have an
explicit Tc or Tm, as expected. Cellulose has a strong network of hydrogen bonds and
undergoes thermal decomposition when heated [27,28].

Figure 7. Results of DSC in a range between 0 ◦C and 200 ◦C for all-cellulose composites (ACC),
biocomposites (BC2 and BC4) and polypropylene (PP).

3.4. Dynamic Mechanical Analysis

The dynamical mechanical analysis (DMA) measures the viscoelastic properties of the
samples. The results are divided into three categories: storage modulus (GPa) (Figure 8a),
loss modulus (GPa) (Figure 8b) and tan delta (δ) (Figure 8c). According to DSC, the melting
temperature for PP was 164 ◦C. Therefore, the analysis was programmed to end at 150 ◦C
for PP, while it lasted longer (~220 ◦C) for the other samples.

The storage modulus represents the energy stored in the elastic structure of the
sample (Frank, TA instruments). During the beginning of the test (25 ◦C), the thickest
PP biocomposite with four layers of fabric (BC4) had the highest storage modulus (1.9
GPa), followed by BC2 (1.7 GPa), ACC (1.3 GPa) and pP (1 GPa). The PP and reference
PP biocomposites had a steady decrease in storage modulus until 150 ◦C. When these
samples approached the melting temperature of PP, the storage modulus remained at zero.
ACC lost less than 40% of its storage modulus during the experiment (from 1.3 GPa to
0.8 GPa). This phenomenon, where ACCs’ storage modulus remained high and relatively
steady, has also been reported previously by Soykeabkaew and Peijis [29]. According to the
results, the viscoelastic properties of PP biocomposites BC2 and BC4 did not resemble the
properties of ACC but rather the properties of neat PP, which was expected. The structure
of the biocomposites and their ability to elastically respond to stress was lost when PP
reached near Tm.

The loss modulus represents the viscous part, or the amount of energy dissipated in
the sample [30]. Evaporating water in ACC created a small reduction in the loss modulus,
but overall, the values stayed high when compared with neat PP and PP biocomposites.
Thermal softening and a decrease in loss modulus started to gradually occur for the neat PP
and PP biocomposites at 60 ◦C, which was followed by a sharp decrease at 140 ◦C for the
PP biocomposites. BC4 had a higher amount of cellulose fabric but also a higher amount
of PP, which can be seen as a lower loss modulus after 150 ◦C compared with BC2. The
behavior of the PP matrix influenced the thermal properties of biocomposites more strongly
than its cellulosic filler.

Tan delta is the ratio between the loss modulus and storage modulus. The PP and
PP biocomposite results are not meaningful to compare after PP has reached its limits
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regarding viscoelastic stress, since once this deformation of the composites has taken place,
the material will not recover to its original form. The glass transition temperature (Tg)
for polypropylene varies depending on its crystallinity, but it is recorded to be below
−25 ◦C [31], around 0 ◦C [32] or just above −12 ◦C [33]. In this graph, Tg is not detectable
for neat PP, PP biocomposites, or ACC. Even though cellulose underwent a second-order
phase transition from the low-temperature glass state to the high-temperature elastic
state [34,35], earlier research has reported that there was not necessarily a clear Tg for
cellulose [17,36], as was the case here.

 

 

 
Figure 8. Results of the DMA: (a) storage modulus (GPa), (b) loss modulus (GPa) and (c) tan δ for
all-cellulose composites (ACC), biocomposites (BC2 and BC4) and polypropylene (PP).
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3.5. Water Absorption Test

Figure 9 shows the weight gain (%) of the composites as a function of water immer-
sion time. The graph shows that all composites absorbed some water after immersion.
However, there was a major difference in the water absorption rate between ACC and PP
biocomposites already after 1 h. During this first hour, ACC absorbed 93% of its own dry
weight in water, whereas BC2 and BC4 absorbed only 10% and 6%, respectively. After
a day, ACC reached 97%, meaning that composites almost doubled their weight in 24 h.
On the fourth day, all the composites had absorbed close to their maximum capacity of
water, and the absorption rate leveled off during the following days. The maximum water
absorption values were reached on day 5 for ACC (117%) and BC4 (30%) and on day 6
for the BC2 (35%). There was no considerable difference between BC2 and BC4, but water
intake was slightly lower for BC4. The share of hydrophobic PP matrix was higher in BC4,
which likely contributed to the composites’ low water absorption rate. Hydrophilic ACCs’
tendency to absorb water will greatly limit their possible applications without a waterproof
coating or modification.

Figure 9. Results from a water absorption test of 6 days, where W0 stands for dry weight.

3.6. Scanning Electron Microscopy

Scanning electron microscopy (SEM) pictures were taken from the neat Spinnova–
Lyocell fabric (Figure 10). The different fiber structures and width of the yarns are visible
in the images. Cross-sectional SEM pictures of S-ACC, L-ACC, S-BC2, L-BC2, S-BC4 and
L-BC4 composites can be seen in Figure 11, here with a magnification of 80×. Figure 12
presents the S-ACC, L-ACC, S-BC2 and L-BC2 structures with a magnification of 180×.
All images to the left (Figures 11a,c,e and 12a,c) are composite cross-sections with the
Spinnova–Lyocell fibers in the horizontal direction (out of plane) and the Lyocell fibers
in the vertical direction. All images on the right side (Figures 11b,d,f and 12a,c) have the
fibers in opposite direction. A clear difference can be seen between images (a) S-ACC and
(b) L-ACC in Figures 10 and 11. During composite processing, the Spinnova fiber dissolved
in greater extent compared with the Lyocell fiber. In the image of S-ACC, (a) the Spinnova
fibers are well fused together, but in L-ACC (b) individual undissolved Lyocell fibers are
still visible as independent fibers. In both ACC images, different layers of textile fabrics are
clearly visible. In the case of the reference PP biocomposites (In Figures 11c–f and 12c,d),
melted PP has shaped the structure of the composite so that cellulosic fibers or individual
layers of the textile cannot be clearly detected anymore. This is even more evident in the
thicker composites S-BC4 (Figure 11e) and L-BC4 (Figure 12f).
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Figure 10. SEM pictures of Spinnova–Lyocell fabric with Lyocell yarn in the warp (longitudinal
direction) and 60/40% Spinnova–Lyocell yarn in the weft (horizontal direction), with magnifications
of (a) 30× and (b) 80×.
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Figure 11. SEM pictures of the composites: (a) S-ACC, (b) L-ACC, (c) S-BC2, (d) L-BC2, (e) S-BC4
and (f) L-BC4, with a magnification of 80×.
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Figure 12. SEM pictures of the composites: (a) S-ACC, (b) L-ACC, (c) S-BC2 and (d) L-BC2, with a
magnification of 180×.

4. Conclusions

The current study revealed that the direction of the studied yarns greatly contributed
to the composites’ tensile strength and elongation properties. There was no considerable
difference in the tensile strength between the ACC and PP reference biocomposites when
measured in the Spinnova–Lyocell yarn direction, whereas when measured in the Lyocell
yarn direction, the tensile strength was higher in the PP reference biocomposites than in the
ACCs. Overall, the Lyocell-reinforced composites had better tensile strength compared with
the Spinnova–Lyocell-reinforced composites. The main finding in elongation studies was
that the L-ACC composite has a remarkably higher elongation at break (38%) compared
with any of the other composites. Regenerated Lyocell seems to have very textile-like
characteristics, even as ACC, whereas in the reference biocomposites, the stiffness of the PP
matrix prevented greater elongation. In addition, the individual reinforcement layers in the
ACC were not as well bonded to each other as they were in the reference PP biocomposites.
A challenge in the development of ACCs is therefore to prevent the unwanted delamination
of the textile layers. With PP biocomposites, the orientation of the fibers had more impact
on the properties of the composite than the number of polymer layers used.

The thermal studies demonstrated that ACCs had a better thermal stability than the PP
biocomposites. PP dominated the thermal behavior in the reference biocomposites, which
was expected. Tc and Tm values of 122 ◦C and 164 ◦C, respectively, were detected for the
PP biocomposites, whereas no crystallization or melting temperatures were identified for
cellulose composites. The high cross-linking of cellulose restricted the movements of the
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chain segments during heating, which would be required for fluid transformation. Instead,
the cellulose degrades at high temperatures and does not show any thermal transitions.
The water absorption test showed the highly hydrophilic nature of cellulose: ACC absorbed
twice its weight in water in the immersion test in less than 48 h. Because of the protective
layer of PP, the biocomposites resisted wetting much better, and there was only a minor
difference between BC2 and BC4 composites.

The SEM images showed clear differences in structure for the two studied cellulose
fibers. Lyocell and Spinnova–Lyocell had different fiber structures in neat fabrics, which
were also detectable in the composites. In the reference biocomposites, especially in the
thicker laminates, the different fabric layers could not be as easily seen in the cross-sectional
images as in the ACCs. The reported findings regarding the role of direction of the fiber and
properties of ACC compared with PP biocomposites are important for further optimization,
product development and use in structural composite applications.
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Abstract: An accurate and dimensionally stable trial denture base is required for a successful denture.
The aim of this in vitro study was to assess the dimensional stability of a light-activated urethane
dimethacrylate (UDMA) visible light cure (VLC) denture base with three fabrication techniques and
different curing cycles. Forty-five VLC denture base samples were divided evenly into three groups.
Group A used a conventional fabrication technique with a curing cycle of 5 min. Group B used a
modified fabrication technique with two 4-min curing cycles. Group C used a multi-step fabrication
technique with three curing cycles (4 min, plus 4 min, plus 2 min). The samples were sectioned and
observed under a stereomicroscope to measure the discrepancy between the sample and the master
cast. The mean dimensional discrepancy (mm) at the molar region at mid-palate, after 24 h in Group
A, B and C was 0.790 mm, 0.741 mm and 0.379 mm, respectively; at the right ridge crest, it was 0.567,
0.408 and 0.185, while at the left ridge crest it was 0.475, 0.331 and 0.125, respectively. Statistical
analysis showed significantly different dimensional discrepancies among the groups at all three sites;
right ridge crest (F = 93.54, p < 0.001), left ridge crest (F = 105.96, p < 0.001) and mid-palate (F = 125.53,
p < 0.001). Within the limitations of this laboratory study, it can be concluded that the denture base
using a multi-step fabrication technique with three curing cycles provides better adaptation than the
conventional technique. The significance of the study is that clinicians should consider performing
denture base fabrication using a multi-step technique to enhance adaptation and hence the stability
of the dentures for patients.

Keywords: UDMA; record base; light cure denture base; dimensional discrepancy

1. Introduction

An accurate and dimensionally stable trial denture base is mandatory for the construc-
tion of a successful denture. To achieve intraoral stability and retention of the record base,
the base should maintain close adaptation to the cast and should be dimensionally stable.
The adaptation of a record base, however, depends on many factors, including the materials
and methods used for its construction. It is a proven fact that the more dimensionally
accurate and stable a material is, the more retentive and stable the denture will be. In the
past, various materials were used to fabricate custom trays, record bases and dentures such
as Shellac, Thermoform, Polycaproilaitone, Self-Cure Acrylic Resin and Heat Cure Acrylic
Resin. The problem with these acrylic resins is that they shrink and become discoloured
over time due to the absorption of water and oral fluids. They also undergo significant
volumetric and optical changes in the conditions of the oral environment [1–5].

A lack of dimensional stability is one of the major shortcomings of acrylic resins. These
dimensional changes occur either in the form of shrinkage or expansion and are mainly
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affected by the method of curing, along with other factors. The polymerization shrinkage
during curing and the stresses released during flask cooling in heat-cured acrylic resins
result in changes in dimensions and their magnitude is mainly affected by acrylic resin
thickness [6–8]. Other factors include polymerization techniques, in which the difference
in thermal expansion of gypsum and acrylic resin results in the development of internal
stresses and variation in base thickness at different sites inside the flask results in altered
record base adaptation and stability [9–12]. On the other hand, few authors stated that
there is a reduction in the molecular weight of the resulting polymer chains after curing
and so the variation in the curing techniques may not alter significantly the pattern of
dimensional changes in acrylic resin.

The changes in the dimensions of the acrylic resins may affect patient satisfaction and
negatively impact the stability and retention of record bases and ultimately the success of
the prosthesis [9]. In their study, Consani et al. showed that the molar region is the most
consistent site to produce the gap between the palatal area and the acrylic record base.
They reasoned that it represents a linear shrinkage which occurs in the acrylic resin [10].

Visible light cure denture has attracted special attention recently as a new record
base material and has been used worldwide as an alternative to the chemical acrylic resin
material since 1984. It was marketed under the trade name “triad” and was suitable
for many prosthodontic applications, including removable, fixed and maxilla facial pros-
theses. Light-activated urethane dimethacrylate (UDMA) denture base polymers were
developed to overcome the allergies, the pungent smell in the laboratory and the conven-
tional time-consuming lost wax method of fabricating prosthesis Polymethyl methacrylate
(PMMA) materials [12]. The VLC resin was promoted as a material containing a urethane
dimethacrylate matrix with an acrylic copolymer, micro-tins, silica filler, and a photo-
initiator system. Triad, as a brand. was the first system of VLC-UDMA denture base
polymer. It was presented in the market as a biocompatible material which has ease of
fabrication and manipulation, low bacterial adherence, and the ability to bond to other
denture base resins [13–16].

Overall, in the literature, the various advantages documented for VLC acrylic resin
include rapid preparation time, good rigidity and strength, uniform thickness, and ease of
use. Conversely, the disadvantages mentioned are the requirement of a curing unit, which
also increases expenditure, stickiness on the surface after curing, difficulty in trimming
and poor finish [15–18]. Nevertheless, the main problem reported for VLC record bases is
dimensional instability, which is not only affected by material properties and technique,
but also by the anatomy of the structure over which the prosthesis is to be made.

One of the major factors affecting dimensional stability is processing shrinkage. The
processing shrinkage of the record base is affected by the shape of the palatal concavity and
thus shrinkage occurs toward the residual ridge, leading to the lifting of the record base
in the mid-palatal region which was cited by Won-suck et al. [8]. The space beneath the
posterior palatal region results from processing shrinkage. This dimensional change, that
occurs during the denture processing, was recognized by several studies previously and
the most possible explanation for it is that the strain release in the maxillary denture base
tends to draw the flange inward and the resulting premature contact (gap) of the denture
base with the mold in these regions causes the palate to be elevated. Previous research
into VLC documented that the material close to the light cure unit would get polymerized
first, resulting in gap formation due to transformation and contraction [19]. The cause for
the gap formation with the master cast is the contraction because of polymerization and
cooling, as well as being lifted by internal stress during polymerization [2,8,12,18]. VLC
resins are considered to be dimensionally stable directly after complete polymerization
with the use of a proper light source and exposure time [1,2,17,18].

Studies on light-curing resin demonstrated that the nearest material will polymerize
first when exposed to polymerizing light, leading to the establishment of a gap due to
transformation and contraction [16]. The contraction brought on by polymerization and
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cooling, as well as the lifting caused by internal stress during polymerization, are the causes
of this gap’s creation with the master cast [16–18].

Consequently, recommendations have been made in previous studies for improving
the accuracy of the VLC resin, whether by a multiple-step curing cycle or by dividing
the VLC sheet into two parts along the junction of horizontal and vertical parts of the
palate [16,20,21]. By these methods, the stresses that develop at the time of polymerization
can be restricted to that segment of the material and shift the direction of shrinkage from
the ridge crest area to two separate areas in the middle of the palate and the crest of the
ridge [21–23].

Nevertheless, still discrepancies have been reported in the adaptation of visible light
cure record bases, despite using different techniques. We decided to explore this area more
and the goal set was to formulate an accurate method which can be used on a regular
basis with ease to produce VLC record bases with better adaptation so as to accompanied
successful prosthesis processes. Thus, this study was conducted with the aim to assess
and compare the dimensional stability of light-activated urethane dimethacrylate (UDMA)
visible light cure (VLC) denture base, fabricated by different techniques and different
curing cycles. The objective was to decide and recommend a technique which gives the
most stable record base for regular laboratory use and to determine whether time has any
effect on the dimensional stability of VLC record bases.

2. Materials and Methods

The present cross-sectional study was conducted in the Department of Prosthodontics,
Career Post Graduate Institute of Dental Sciences and Hospital, Lucknow, India. It was
approved by the institute’s ethical committee, and the ethical waiver was obtained as
there was no involvement of human subjects or tissues (SRC/CPGIDSH/ETHW–11–2019).
This study was conducted with the aim of evaluating and comparing the dimensional
stability of VLC denture bases fabricated by different techniques and different curing cycles.
The objective was to decide on and recommend a technique which gives the most stable
record base for regular laboratory use and to determine whether time has any effect on the
dimensional stability of VLC record bases.

2.1. Sample Size Calculation

The sample size was selected based on a similar previous study in which the sample
size was 30 [12]. Based on the recommendations for sample size calculations in in vitro
studies, the number of samples should be in accordance with the statistical calculation of
previous studies and should be 10–15% greater than the regular sample size in order to
anticipate the incontinence in standards [13]. Thus, in the present study total sample size
taken was 45, which was then divided into 3 groups of 15 samples each.

2.2. Fabrication of Samples

A completely edentulous patient was recorded in the outpatient department for
denture fabrication. The oral examination was performed for a well-formed, rounded,
completely healed edentulous residual alveolar ridge. Patient written consent was obtained
before starting the study. The master cast was made after a secondary impression, following
the conventional complete denture fabrication protocol.

The master cast obtained in this way was scanned using a desktop laboratory scanner
(D800, 3Shape A/S., Copenhagen, Denmark). The laboratory scanner software (2022.1;
3Shape A/S., Copenhagen, Denmark) has a self-alignment setting which joins the multiple
scans of various sections and produces a complete virtual image. The data of the scan was
stored in a standard tessellation language (STL) format for further use (Figure 1).

The stl file of the master cast was used in an advanced CAD-CAM software [(3-Shape
Dental System–Complete Restorative–Complete Denture Module)-2022.1; 3Shape A/S,
Copenhagen K Denmark] and printed in castable resin. With the help of a castable die,
the metal master die was fabricated in metal [cobalt-chromium (Wirobond C; Bego Gmbh,
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Bremen, Germany)] (Figure 1). The metal master die so prepared was duplicated and study
casts were poured with type IV die stone (GC Fujirock EP, Kortrijk, Belgium).

Figure 1. (A) Master cast for fabrication of metal master model; (B) Representative scanned images
of master cast.

A total of 45 casts were made. For each cast, the VLC denture base was fabricated
using 3 different techniques. Based on the technique used for the fabrication of denture
bases, the samples were divided into 3 groups.

Group A comprised 15 samples which used a conventional technique of fabrication
with a short curing cycle of 5 min.

Group B comprised 15 samples which used a new technique of fabrication with a
two-step curing cycle (4 + 4 min).

Group C comprised 15 samples which used a two-stage technique of fabrication with
multiple steps in the curing cycle (4 + 4 + 2 min).

All the samples were cut at a specific region and observed under a stereomicroscope.
The gap/discrepancy between the master cast and VLC record bases at 3 different points
was measured. Two times measurement was done after 12 h and 24 h after fabrication.

2.3. Making of Visible Light Cure Record Bases

The VLC record bases were fabricated over the maxillary casts. The VLC sheets
were removed from the light protective packet and immediately adapted to the cast by
hand pressure. A particular method was used for the adaptation of the VLC sheets. The
adaptation started from the centre of the cast toward the periphery in order to reduce
air bubbles.

Three techniques were used for making VLC record bases:
(A) Conventional technique—Visible light cure sheets were adapted on the casts and

excess material was cut off. Following this, the cast was placed along with the adapted
VLC sheet in a light cure polymerizing unit (Tray-Lux) for 5 min (Figure 2).

 

Figure 2. Record Base Fabricated by Conventional Technique (Group-A).
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(B) Technique-1—Initially visible light cure sheets were adapted on the cast. Then,
a U-shape segment of the adapted VLC sheet was cut along the residual ridge 15 mm
below the alveolar crest. The remaining VLC sheet on the cast was then placed in the
polymerizing unit for 4 min. The cast was removed from the unit and the cut U-shape
segment was replaced on the cast and cured for additional 4 min (Figure 3).

 

Figure 3. Record Base Fabricated by Technique-1 (Group-B). (A) The cut along the residual ridge
15 mm below the alveolar crest; (B) The remaining VLC sheet on the cast-cured for 4 min; (C) The cut
U-shape segment replaced on the cast and cured for additional 4 min.

(C) Technique-2 (two-stage technique)—Visible light cure sheets were adapted on the
cast. The excess material was cut from the border. Then, approximately 1.0 mm width of
the VLC sheet material was cut at the junction of the horizontal and vertical plane of the
palate. The cut was made below 15 mm from the alveolar ridge crest. This was done to
obtain two separate components: a U-shaped segment along the residual ridge and an
elongated segment in the mid-palatal region (Figure 4). The record base and cast assembly
were placed in a polymerizing unit to cure for 4 min. After removing the assembly from
the unit, the space between the two segments of the polymerizing sheet was filled using
the cut-out VLC sheet. Then, the whole assembly was returned to the polymerizing unit
for an additional 4 min. After removing from the unit, an air barrier coating was applied
on the internal surface of the record base, and the whole assembly was returned to the
polymerizing unit for an additional 2 min.

 

Figure 4. Record Base Fabricated by Technique-2 (Group-C). (A) The cut- below 15 mm from the
alveolar ridge crest; (B) Fist components: a U-shaped segment along the residual ridge and (C) second
component an elongated segment in the mid-palatal region.

2.4. Sectioning of the Samples

The samples so prepared (cast and VLC record base assembly) were transversely
sectioned with the help of a precision cutting machine (BUEHLER Worldwide, Waukegan
Road Lake Bluff, IL, USA). The cuts were made at predetermined marked locations (canine
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region, molar region, posterior palatal seal region). In each region, 3 points (1- right ridge
crest; 2- left ridge crest and 3- mid-palate region) were marked to measure the discrepancy:

The canine region (c), [right ridge crest (c1), left ridge crest (c2) and mid-palate region (c3)];
The molar region (m), [right ridge crest (m1), left ridge crest (m2), and mid-palatal re-
gion (m3)]
The posterior palatal seal region (p) [right ridge crest (p1), left ridge crest (p2), and posterior
palatal seal region (p3)] (Figure 5).

 

Figure 5. Sectioning & Marking of the Cast & Record Base Assembly (A) Coronal section view
(1—right ridge crest; 2—left ridge crest and 3—mid-palate region); (B) Occlusal view.

2.5. Measuring the Discrepancy between Cast and Record Bases by Using a Stereomicroscope

After cutting all the samples, the discrepancy was measured at 9 pre-marked locations.
The first measurement was performed after 12 h and the second after 24 h of record base
fabrication. For evaluating the discrepancy, the perpendicular distances were measured
from the internal surface of the record base to the external surface of the cast. Samples
were studied under a stereomicroscope under a magnification of 20×, which can measure
up to 0.001 mm (Figure 6). At each point, the discrepancy reading was recorded twice,
and the average was taken as the final reading. All measurements were recorded by a
trained technician who was blinded from the study. All measurements were recorded and
analyzed using statistical analysis software (IBM SPSS Statistics for Windows v22; IBM
Corp, Armonk, NY, USA).

 

Figure 6. Discrepancy Seen Under the Stereomicroscope at (A) Right Ridge Crest; (B) Mid-Palate
Region; (C) Left Ridge Crest.
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2.6. Statistical Analysis

Microsoft Excel was used to calculate the means, standard deviation, and standard
error of the mean (SEM). Two-way ANOVA, Tukey HSD and a t test was conducted to
measure the statistical significance of differences among the groups. The Statistical Package
for the Social Sciences (SPSS) software version 22 IBM.; Chicago (III., USA) was used to find
the significant difference between the techniques. The significance level was set to 95%.

3. Results

The results of the study showed that there was a discrepancy between the record base
and cast. The results were studied region- and time-wise.

3.1. Dimensional Discrepancy between Record Base and Cast after 12 h

The dimensional discrepancy of three groups (Group A, Group B and Group C) at
three different sites (right ridge crest, left ridge crest and mid-palate) of the canine, region
after 12 h was significantly different among the groups at both right ridge crest (F = 6.69,
p = 0.003) and mid-palate (F = 10.34, p < 0.001), whereas the difference was insignificant at
left ridge crest (F = 0.68, p = 0.512). For the molar region, there was a significantly different
dimensional discrepancy among the groups at all three sites; right ridge crest (F = 40.01,
p < 0.001), left ridge crest (F = 34.69, p < 0.001) and mid-palate (F = 67.81, p < 0.001). For the
posterior palatal seal, the region showed significantly different dimensional discrepancies
among the groups at all three sites; right ridge crest (F = 23.38, p < 0.001), left ridge crest
(F = 23.27, p < 0.001) and mid-palate (F = 67.36, p < 0.001) (Table 1).

Table 1. For each site of canine region, comparisons of difference in mean dimensional discrepancy
(mm) between groups by Tukey test at 12 h.

Anatomical Regions Comparison
Right Ridge Crest Left Ridge Crest Mid-Palate

Mean Diff. p Value Mean Diff. p Value Mean Diff. p Value

Canine region
Group A vs. Group B 0.062 0.012 0.009 0.789 0.099 0.001
Group A vs. Group C 0.068 0.006 0.015 0.481 0.096 0.001
Group B vs. Group C 0.006 0.954 0.007 0.869 0.003 0.990

Molar region
Group A vs. Group B 0.099 0.003 0.090 0.002 0.191 <0.001
Group A vs. Group C 0.253 <0.001 0.208 <0.001 0.454 <0.001
Group B vs. Group C 0.154 <0.001 0.118 <0.001 0.263 <0.001

Posterior palatal region
Group A vs. Group B 0.033 0.745 0.061 0.365 0.090 0.211
Group A vs. Group C 0.284 <0.001 0.289 <0.001 0.566 <0.001
Group B vs. Group C 0.251 <0.001 0.228 <0.001 0.476 <0.001

Further, for each site, comparing the difference in the mean dimensional discrepancy
between the groups, the Tukey test showed a significantly (p < 0.05 or p < 0.01) different
and lower dimensional discrepancy in both Group B and Group C as compared to Group
A at all sites for canine and molar region. Furthermore, at all sites, it was also found to be
significantly (p < 0.001) different and lower in Group C compared to Group B (Figure 7).

Tukey test showed significantly (p < 0.001) different and lower dimensional discrep-
ancy in Group C, as compared to both Group A and Group B, at all sites. However, at all
sites, it did not differ (p > 0.05) between Group A and Group B, i.e., found to be statistically
the same (Figure 7).
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Figure 7. Mean dimensional discrepancy (mm) of three groups at three sites of canine, Molar and
Posterior Palatal region at 12 h. Dimensional discrepancy (DD); Standard deviation (SD).
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3.2. Dimensional Discrepancy between Record Base and Cast after 24 h

The dimensional discrepancy of three groups (Group A, Group B and Group C) at
three different sites (right ridge crest, left ridge crest and mid-palate) of the canine region
after 24 h showed significantly different dimensional discrepancies among the groups at all
three sites; right ridge crest (F = 71.42, p < 0.001), left ridge crest (F = 81.84, p < 0.001) and
mid-palate (F = 59.21, p < 0.001). For the molar region, significantly different dimensional
discrepancies among the groups at all three sites; right ridge crest (F = 93.54, p < 0.001), left
ridge crest (F = 105.96, p < 0.001) and mid-palate (F = 125.53, p < 0.001). For the posterior
palatal seal region, significantly different dimensional discrepancies among the groups at
all three sites; right ridge crest (F = 96.97, p < 0.001), left ridge crest (F = 102.24, p < 0.001)
and mid-palate (F = 14.56, p < 0.001).

The Tukey test showed significantly (p < 0.05 or p < 0.01 or p < 0.001) different and
lower dimensional discrepancies in both Group B and Group C as compared to Group A
at all sites in both canine and molar regions (except Group A and Group B in mid-palate
in the molar region.). Furthermore, at all sites, it also lowered significantly (p < 0.001) in
Group C as compared to Group B. Moreover, in posterior palatal seal region, at both the
right and left ridge crest, dimensional discrepancy also got lowered significantly (p < 0.001)
in Group C as compared to Group B but at mid-palate, it did not differed (p > 0.05) between
the two groups, i.e., found to be statistically the same (Table 2, Figure 8).

Table 2. For each site of the canine region, comparisons of difference in mean dimensional discrepancy
(mm) between groups by Tukey test at 24 h.

Anatomical Regions Comparison
Right Ridge Crest Left Ridge Crest Mid-Palate

Mean Diff. p Value Mean Diff. p Value Mean Diff. p Value

Canine region
Group A vs. Group B 0.075 <0.001 0.051 0.002 0.060 0.042
Group A vs. Group C 0.206 <0.001 0.174 <0.001 0.249 <0.001
Group B vs. Group C 0.131 <0.001 0.123 <0.001 0.189 <0.001

Molar region
Group A vs. Group B 0.159 <0.001 0.145 <0.001 0.049 0.210
Group A vs. Group C 0.381 <0.001 0.351 <0.001 0.411 <0.001
Group B vs. Group C 0.223 <0.001 0.206 <0.001 0.362 <0.001

Posterior palatal region
Group A vs. Group B 0.133 <0.001 0.130 <0.001 0.805 0.003
Group A vs. Group C 0.427 <0.001 0.381 <0.001 1.227 <0.001
Group B vs. Group C 0.294 <0.001 0.251 <0.001 0.422 0.173
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Figure 8. Mean dimensional discrepancy (mm) of three groups at three sites of canine, Molar and
Posterior Palatal region at 24 h. Dimensional discrepancy (DD); Standard deviation (SD).
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4. Discussion

Acrylic resins are widely used in dentistry to fabricate custom trays and record bases.
These are used for making final impressions and recording maxillo-mandibular relations
and arranging artificial teeth. To ensure intra-oral stability and the retention of the record
base, the base should be closely adapted to the cast and should be dimensionally stable [18].

The introduction of auto-polymerizing acrylate polymers brought significant improve-
ment to the mechanical properties of custom trays and record bases, but the use of self-cure
resin has certain disadvantages such as shrinkage during polymerization, toxicity, the
release of pungent vapors, residual monomer and adverse tissue reactions and related
diseases. The improvement in the field of material science, especially in the field of dental
materials, and the development of newer forms of denture base materials resulted in better
denture base resins and helped in overcoming some of these drawbacks.

For example, the irritation to the mucosa and polymerization shrinkage is over-
whelmed by polycarbonate, nylon and light-activated urethane dimethacrylate (UDMA)
denture-base polymer. This VLC material is very common nowadays and is widely ac-
cepted both by patients and dentists because of its convenience to use, lack of monomers
and superior dimensional stability after fabrication [24]. Additionally, its hazardous effects
are very limited, the laboratory time required is significantly reduced time, and it has ease
of use, good accuracy, strength and rigidity, uniform thickness, and good dimensional
stability [25]. Visible light-cured resin is characterized by improved physical characteristics,
such as increased stiffness, good form, volume stability, and low sensitivity to moisture. In
addition, these materials are easy to use, and their use saves time [10–12]. Hence, the record
base should be fabricated to be accurately fitted, and it should not change, but remain
stable. Even the inaccurate record bases can look well fitted in the palate because of the
elasticity of soft tissue, but it does not mean that it fits accurately in reality. The inaccurate
record base incurs errors in the final occlusion of the complete denture due to the inaccurate
jaw relation record [12,14]. The formation of the gap during the adaptation of the record
base is very common in the posterior border of the maxillary cast. More specifically, it is
formed in the posterior palatal seal area [21].

Different techniques have been suggested by various authors to overcome these defects
and to obtain a more accurate fit. These techniques include the record base with elastic
impression materials, vacuum adaptation of the record base, and staged polymerization by
covering the palatal portion of the record base. However, the problem with resilient liners
is tearing/detachment from the record base surface due to repeated insertion and removal,
causing the inaccurate seating of the bases. The use of vacuum only improves adaptation,
without ever addressing gap formation resulting from polymerization shrinkage [2].

The shrinkage of denture base acrylic resin is acknowledged as an error in the material;
it results in space existing beneath the posterior palatal region. The most likely explanation
for this dimension change, which has been noted in previous studies, is that the strain
release in the maxillary denture base tends to draw the flange inward. As a result, there is
an early contact (gap) of the denture base with the mold in these areas, which elevates the
palate. These findings also show that acrylic resin’s inherent lack of dimensional precision
is one of the potential causes of denture discrepancies [22,23,26–28].

Previous studies conducted comparisons of the self-cure and heat cure resins for
adaptation using various techniques and determined that the pour technique is still a viable
alternative for clinicians and dental technicians, as the fit of the denture is similar to that of
the compression-moulding and injection-moulding techniques [19]. Even after three weeks
of water storage, the residual monomer content of the heat-curing polymers is reduced
but otherwise similar to that of the cold polymers [20]. These denture base acrylic resins
will always contain an unreacted residual monomer that could irritate people and trigger
allergies, regardless of the curing method used [22]. Heat-curing polymers also exhibit
greater fracture resistance and less polymerization shrinkage, but they also exhibit higher
stresses during the subsequent cooling phase.
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The present study was conducted to evaluate and compare the dimensional discrep-
ancy between cast and record bases using visible light cure material by different techniques
and curing cycles at different time intervals. The results of the study showed that dimen-
sional accuracy or fit of the denture base processed by technique 2, the two-stage technique
with a multiple-step curing cycle, was better than that processed by the conventional curing
cycle, and technique 1. Thus, the null hypothesis formulated was rejected. In the present
study, the master metal model was made by using a castable model generated by 3-D
printing, which helped in making uniform sample casts, thus eliminating the chance of
error at the cast level.

Record bases, fabricated by a conventional method with a single-step curing cycle of
4 min showed more dimensional discrepancy due to the shape of the palatal concavity.
Shrinkage occurred toward the residual ridge, leading to the lifting of the record base in
the mid-palatal region, an occurrence which was cited by Won-suck et al. [2].

In techniques 1 and 2, i.e., with two steps curing cycle (4 min + 4 min) and a two-stage
technique with a multiple-step curing cycle (4 min + 4 min + 2 min), the VLC sheet was
cut along the residual ridge. Thus, the accuracy of the light-curing resin can be improved
through multiple-step curing methods or by dividing the VLC sheet into two pieces along
the junction of the horizontal and vertical configurations of the palate [21]. This method
of cutting the VLC sheet into pieces and staged curing produced less discrepancy, which
is a result of dividing the VLC resin sheets into two pieces along the palatal portion at a
constant distance from the alveolar crest. By doing so, the distribution of contraction forces
was performed evenly and applied stress to each of the pieces.

The edentulous maxilla consists of a relatively flat portion in the middle of the hard
palate and inclined slopes towards the residual ridge. Due to the shape of palatal concavity,
shrinkage occurs toward the residual ridge leading to the lifting of the record base in the
mid-palatal region, as reported by Won-suck et al. [2].

The stresses that form during polymerization can be contained within each segment
of the VLC sheet by cutting it into two pieces at the point where the palate’s horizontal
and vertical configurations meet. This allows for the direction of shrinkage to be changed
from the ridge crest area to two distinct areas in the middle part of the palate and at
the crest. This study agrees with the study of Kenneth et al., in which it was described
that the gap formation due to polymerization shrinkage could be reduced by limiting the
amount of composite exposed to the curing light at one time and readjusting the uncured
composite to the cast between curing cycles. Theoretically, compensation for discrepancies
might be made for a record base, with a dimensional change of that proportion resting on
compressible tissue without jeopardizing stability [21]. To achieve greater adaptability, it is
advised that VLC record bases be cured using a two-stage approach with a multiple-step
curing cycle based on the findings of this study.

In the present study, at the canine region, molar region, and posterior palatal seal
region, the dimensional discrepancy was found to be the highest at the mid-palate region
for all the groups (A, B, C) followed by the right ridge crest, and it was found to be lowest
in left ridge crest. At the canine region among all the groups, a significant dimensional
discrepancy was found at both the right ridge crest (c1) and mid-palate region (c3) and it
was found to be insignificant at the left ridge crest (c2). Both Group B and Group C have
shown a low dimensional discrepancy, as compared to Group A at both the right ridge
crest (c1) and mid-palate (c3), which was significant. However, at the left ridge crest (c2) it
was found to be similar between the groups after 12 h. The dimensional discrepancy was
found to be similar at all sites (c1, c2, c3) between Group B and Group C after 12 h. These
values are based on a previous study which is done by Kenneth G. Boberick et al. [21].

At the canine region, dimensional discrepancy was found significantly different
(p < 0.001) at all three sites (c1, c2, c3) among all the groups after 24 h. In both Group
B and Group C, the low and significant dimensional discrepancy was found at all sites as
compared to Group A and the least dimensional discrepancy was found in Group C at all
sites (c1, c2, c3) after 24 h.
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At the molar region for all sites (m1, m2, m3), among all groups, a significant dimen-
sional discrepancy was found (p < 0.001) after 12 h. A mid-palate region (m3) showed the
highest discrepancy as compared to right ridge crests (m1) and left ridge crest (m2) among
all groups. Due to the shape of the palatal concavity, shrinkage occurs toward the residual
ridge, leading to the lifting of the record base in the mid-palatal region cited by Won-suck
et al. [2].

Consani et al. suggested that the molar region is the most important site for gap space
production between the palatal zone and the record base due to linear shrinkage [10]. At
the molar region, in both Group B and Group C, the low dimensional discrepancy was
found as compared to group A at all sites which were found significant (p < 0.001). This
may be due to dividing the VLC sheet into two pieces along the junction of the horizontal
and vertical configuration of the palate. The stresses that develop during polymerization
can be confined within each segment of the material and lead to the direction of shrinkage
shifting from the ridge crest area to two separate areas in the middle of the palate and the
crest of the ridge [10].

At all sites, Group C was found to have the least dimensional discrepancy at the molar
region as compared to Group A, and Group B was found to be significant after 12 h. This
may be because of the light-polymerizing resin being divided into more pieces along the
palatal portion by distributing force and limiting the amount of surface area exposed to
the curing light and readapting the uncured visible light cure sheet to the cast between
curing episodes [12]. At all the sites, in both Group B and Group C, mean dimensional
discrepancy was found low and significant as compared to Group A after 24 h and it was
found to be increased after 24 h as compared to the 12 h mark in the molar region.

At the posterior palatal seal region, for all sites (p1, p2, p3) dimensional discrepancy
was found to be lower and significant in Group C as compared to Group A and Group B
after 12 h. However, between Group A and Group B, it was found statistically insignificant
after 12 h. For all sites (p1, p2, p3), dimensional discrepancy was found to be less significant
in Group B and Group C as compared to Group A after 24 h and it was found to be more
significant as compared to 12 h at all sites. In Group C at the mid-palate point, it was found
statistically similar as compared to Group B after 24 h.

At the posterior palatal seal region, the dimensional discrepancy was found highest at
all sites among all the regions. The greatest discrepancy occurred at the mid-palatal region
of the posterior border, in the area of the posterior palatal seal, and gradually decreased
anteriorly in agreement with the previous study [21]. The results of this study revealed
a discrepancy pattern between the record base and cast, which is not uniform over the
palatal surface [21].

In the present study, Group A showed the highest discrepancy as compared to Group
B and Group C, at all the sites for all the regions Group B and Group C have shown low
dimensional discrepancy of all the regions at a different site and it is found to be lowest
with Group C after 12 and 24 h.

Therefore, it is recommended that the accuracy of the light-curing resin should be
improved through multiple-step curing methods or by dividing the VLC sheet into two
pieces along the junction of horizontal and vertical configurations of the palate. The
completeness of polymerization is also a significant factor for two reasons: first, the
degree of polymerization affects the geometric and material properties of the resultant
prosthesis [29]. Secondly, the unreacted monomer may produce undesirable effects on
the human body [30]. However, it has been reported in the literature that polymerized
UDMA denture bases are nontoxic and that unpolymerized VLC materials have very low
toxicity [31]. UDMA material has been proven to be less allergenic than other acrylics [32–
34]. The recommendations for VLC denture bases by various authors are not only based
on satisfactory strength and dimensional stability but also on ease of manipulation and
fabrication [31–36].
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Even though the study was conducted in a precise way, there are certain limitations to
its usability, which include the limited total sample size. The cutting of cast and incorpo-
ration of dust created problems while determining the discrepancies. It is recommended
to use a new technique of micro-computer tomography for the evaluation of the gap be-
low the record base without cutting the samples. The effect of light absorption from the
cast, which was green in colour, was not taken into consideration as it was reported in
a previous study [16] that the dimensional accuracy of the VLC trial denture base could
be improved by using a dark-coloured cast. Additionally, comparisons with the newer
advanced CAD-CAM milled and 3D printed material was not done, which is recommended
for future studies.

5. Conclusions

Within the limitations of the study, the following conclusion can be drawn: the most
accurate light-activated urethane dimethacrylate (UDMA) visible light cure (VLC) denture
base can be obtained by a two-stage technique with multiple steps curing cycles (as in
Group C). The dimensional discrepancy increases with time, irrespective of the techniques
used for base fabrication (record bases were found to be dimensionally unstable after 24 h).
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Abstract: The combination of a nanofibre net and textile support represents an interesting composite
capable of conferring various properties. Nanofibres are so thin that they can be easily damaged by
human touch. In this study, we hypothesised that dyeing nanofibres with different colours from their
textile supports would result in a colour difference upon their degradation, providing evidence that
the composite has been touched and acting as a touch sensor. Two different methods were studied:
directly inserting the dye into the polymer via electrospinning or creating a coloured liquid emulsion
encapsulated by the polymer via electrospinning. Two black dyes were studied. Colour index (CI)
Acid Black 194 was added directly to polyvinyl alcohol (PVA) as the polymer. Sage oil was used for
CI Solvent Black 3. The nanofibre nets were conveniently electrospun on a white polyester fabric; the
fabrics were then characterised by colour coordinate analysis, FTIR, and SEM. The results showed
that the dyed solution in oil was encapsulated, and the black colour could only be observed when
rubbed, whereas the dyed polymer showed a black colour that was removed when rubbed. Therefore,
the hypothesis was confirmed, and both samples demonstrated the desired touch sensor behaviour.

Keywords: electrospun; polyvinyl alcohol; fibre; colour

1. Introduction

The application of nanofibrous veils in multiple industrial sectors has increased dra-
matically in recent decades. Interest in electrospun nanofibres has arisen due to their
exceptional characteristics, high surface-area-to-volume ratio, high porosity, ultra-thin in-
terconnected and lightweight fibrous structure, and their potential for use with a multitude
of synthetic and natural polymers and compounds that provide different characteristics [1].
Nanofibre veils have been widely studied in filtration-related fields, including air filtra-
tion [2–4], water filtration [5–7], biomedicine [8–10], sensors [11,12], soundproofing [13,14],
defence and protection garments [15,16], food packaging [17,18], cosmetics [19,20], and
home furnishing [21,22].

Currently, across various fields of application, there is a growing need for the creation
of a singular matrix that possesses multiple functional traits. By integrating functional
nanoparticles and active ingredients into electrospun fibres, it becomes possible to fulfil the
demands for enhanced mechanical strength, electrochemical properties, and other technical
performances all at once. In the food sector, authors have combined thymol essential oil
with PLGA nanofibres via coaxial electrospinning to prevent microbial growth in fruits
during storage [23]. In the biomedicine field, the addition of camptothecin (CPT), a natural
hydrophobic chemotherapy agent, to electrospun amphiphilic peptide (AP) nanofibres has
demonstrated the inhibition of breast cancer tumour growth [24]. Nanofibre veils have also
been used in the design of protective clothing. The activation of Ag nanoparticles and Zn
nanowires in electrospun poly(methyl methacrylate) (PMMA) nanofibres has provided
conventional garments with antibacterial, antiviral, and self-cleaning properties [25].

To date, most studies related to nanofibres have mainly focused on their functional
properties and technical applications, leaving the aesthetic aspect of these nano-sized
structures largely unexplored. While significant progress has been made in understanding
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and exploiting the unique properties of nanofibres and the other technical characteristics
of various materials, it is surprising to note that the visual and aesthetic impact of these
fibres has often taken a back seat. As nanofibres are increasingly integrated into various
products and materials, it is essential to consider how they will visually affect the result. It
is essential to recognise that aesthetics is not merely a superficial aspect but can influence
the overall perception of a product’s quality and usefulness.

The study of the aesthetic aspect of nanofibres involves understanding how they
interact with light, how they influence colour perception, and how they can be modified to
achieve desirable visual effects [26]. Regarding the interplay between light and materials, a
single nanofibre is not visible to the naked eye or through an optical microscope because
the obtained nanometer diameters (50–1000 nm) [27] are generally in the same wavelength
magnitude range as visible light (400–700 nm) [28]. However, a single nanofibre is only
visible with an electron microscope. While it is feasible to visually detect the existence
of nanofibres through the naked eye or optical microscopy under circumstances where
these nanofibres create a dense layer enveloping a substrate, the reality is that a substantial
accumulation of nanofibres, when illuminated by white light, presents itself as a white,
impenetrable, and uniformly even surface. This white colour occurs when a thick layer of
nanofibres is produced due to the physical phenomenon of light scattering [26].

Recent advancements in nanofibre dyeing have enabled the enhancement of their
aesthetic properties. Researchers have studied two methods of dyeing nanofibres. The first
method involves the incorporation of the dye compound directly into the polymer solution
before the electrospinning process [26,29,30]. As the fibres are generated from the solution
and deposited on the collector structure, an increase in the deposition of nanofibres leads
to an increase in the perceived colour intensity. This approach can achieve more intense
and uniform colours from the outset due to the direct incorporation of dyes into the fibre
structure itself. In contrast, the other method of dyeing nanofibres takes place after the
electrospinning process, i.e., the fibres are immersed in a dye solution [31–33]. This allows
more precise control over the intensity and uniformity of the colour, as the fibres can be
immersed in the solution for different periods to achieve the desired shade.

In this work, we focused on composites made of a textile and coated with a nanofibre
layer. The nanofibres were colour-treated by encapsulating dyes inside them using two
different techniques: polymer colouration and liquid solution encapsulation. Two different
polymer solutions were prepared for electrospinning, thus comprising two different types
of dyeing. To obtain one solution, the dye was dispersed directly on an aqueous polymeric
solution of polyvinyl alcohol (PVA). To prepare the other solution, the dye was solubilised
in an oily solution of sage essential oil, which was then emulsified in a polymeric solution
of PVA with a surfactant. PVA was selected as the polymer because it is a water-soluble
polymer and is compatible with electrospinning. The two dyes were used, one water-
soluble and the other oil-soluble, and were black in colour. This colour was selected
because of its high contrast with the surface where the nanofibres were collected (which
was white), as, in this way, the colour can be seen with the naked eye and with short
electrospinning process times. The dyes were selected based on their molecular weights
since their very similar values rule out their influence on the dyeing power of the nanofibres
or the obtained colour. Sage essential oil was used because it has shown good levels of
encapsulation in the nanofibres in previous studies as well as because it is an almost
colourless oil, which facilitates the appreciation of the dyeing.

2. Materials and Methods

2.1. Materials

Polyvinyl alcohol (PVA) with a molecular weight (Mw) of 61,000 g/mol was obtained
from Sigma-Aldrich (Akralab, Alicante, Spain) and used to create the solutions. Distilled
water was utilised to prepare both solutions. As colouring compounds, the water-soluble
dye Acid Black 194 (AB194) supplied by BASF (Tarragona, Spain) and the oil-soluble dye
Solvent Black 3 (SB3) supplied by ANALEMA were used, its chemical structure is shown
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in Figure 1. The essential oil used in the experiment was sage, which was purchased from
Lozano Essences (Esencias Lozano, S.L., Murcia, Spain). For surfactant purposes, Tween
80 from Panreac (Akralab, Alicante, Spain) was employed.

(a) ( )

Figure 1. Chemical structures of the dyes. (a) Acid Black 194; (b) Solvent Black 3.

The nanofibres were deposited on a plain white weave fabric comprising 100%
polyester (PES), 200 g/m2.

2.2. Methods
2.2.1. Preparation of the Solutions

Both solutions were obtained by preparing a 9% (w/v) PVA solution. This involved
heating the water to 80 ◦C via magnetic stirring until the PVA was completely dissolved.
To prepare the solution with the Acid Black 194 dye, it was added to the PVA solution
at a concentration of 5 g/L and left to stir for 2 h at room temperature in a propeller
homogeniser. To prepare the emulsion, the essential oil was added to the PVA at room
temperature. Sage oil was added at 3% (v/v) and Tween 80 surfactant at 1% (v/v) to the
PVA solution. Initially, the PVA solution was placed in the homogeniser and when the
desired speed was reached, the amount of Tween 80 was gradually added. Subsequently, a
set amount of sage essential oil was gradually added. After the addition of oil was finished,
the revolutions were sustained for 5 min. The homogeniser and its respective conditions
were as follows: an Ultraturrax homogeniser with a toothed accessory at 4000 rpm for
10 min for the surfactant and 1500 rpm for 5 min for the sage oil.

2.2.2. Characterisation of the Solutions

The obtained solutions were characterised using a variety of methods. The viscosity of
the two solutions was measured with the Visco Elite R viscometer (Fungilab, Sant Feliu de
Llobregat, Spain). The selection of the measuring device was based on the manufacturer’s
guidelines for the specific measuring range achieved. For each solution, the conductiv-
ity was measured using a Crison Conductimeter Basic 30 (Hach Lange Spain, S.L.U., L’
Hospitalet de Llobregat, Spain). Additionally, the surface tension was measured using a
Krüss tensiometer K9 (Krüss, Hamburg, Germany). The pH was measured with the GLP
22 CRISON pH metre (CRISON, Barcelona, Spain). Three samples were prepared, and
every sample was tested for each parameter (viscosity, conductivity, surface tension, and
pH) five times.

2.2.3. Electrospinning Process

The electrospinning process was conducted using a BIOINICIA electrospinning system
(Bioinicia, Paterna, Spain). A 100% polyester (PES) bleached fabric with a taffeta weave
was placed on the vertical stainless steel flat collector, where the nanofibres were later
collected. A 22-gauge extruder capillary was used for all electrospinning processes. The
parameters of the electrospinning process are listed in Table 1, which were optimised to
avoid beds [34].
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Table 1. The electrospinning parameters.

Reference PVA PVA + Acid Black 194 PVA + Sage oil + Solvent Black 3

Flow Rate (mL/h) 0.3 0.45 0.35
Voltage (kV) 10.5 10 11.5

Nozzle–collector
distance (cm) 15 15 15

Process time (min) 90 90 90
Room temperature (◦C) 24 22.5 26

Room humidity (%) 44 57 40

The parameters given in Table 1 were selected to facilitate a constant and stable
electrospinning process. A balance between the selected voltage and the flow rate is
imperative; if an excessively low flow rate is applied relative to the applied voltage,
electrospinning will be interrupted, whereas if a greater flow rate than the voltage can
withstand is applied, an irregular Taylor cone will form and solution droplets will be
deposited on the collector, not just the nanofibres. The nozzle–collector distance was
selected so that the solvent used in the solutions evaporates in that space–time. All
parameters have proven effective in previous research.

2.2.4. Characterisation of Nanofibres

The first characterisation of the nanofibres was performed to determine if there was
visible colouring to the naked eye due to the encapsulation of the dye in each of them.
Three different electrospun samples, PVA nanofibres, PVA + Acid Black 194 nanofibres,
and PVA + sage oil + Solvent Black 3 nanofibres, were presented to five individuals who
were asked to determine the appearance of colour in each sample referenced with letters of
the alphabet, avoiding the power of suggestion on the volunteers’ opinions.

Subsequently, in parallel with the opinions of the five individuals, reflection spec-
troscopy was carried out to determine the chromatic coordinates of the produced nanofibres.
For this purpose, measurements were carried out with the Datacolor Spectro 700 reflection
spectrophotometer; the measurement parameters were illuminant D65 and observer at 10◦,
including the specular component, and an aperture size of 3 cm. Analysis of the samples’
colours was conducted via the CIEL*a*b* colour space, as it is the most comprehensive
colour space. The three coordinates of CIELAB space represent the lightness of the colour
(L* = 0 indicates black and L* = 100 indicates white), its position between red and green
(a* < 0 indicates green colour while a* > 0 indicates red), and its position between yellow
and blue (b < 0 indicates blue while b < 0 indicates yellow colour). The three veils were
measured, and each one was measured in five different zones.

For the morphological characterisation, scanning electron microscopy (SEM) was
employed via a FESEM ULTRA 55 (Carl Zeiss, Jena, Germany) with an accelerating voltage
of 2 kV. The surfaces of each sample were analysed at appropriate magnifications for the
study. Before observation, the samples were coated with gold/platinum to ensure the
necessary conductivity.

Fourier transform infrared spectroscopy (FTIR) was conducted to characterise the
starting materials (PVA, dyes, and sage oil) and the obtained nanofibres. A JASCO FT/IR-
4700 type A spectrophotometer (Jasco Spain, Madrid, Spain) with an ATR accessory (Jasco
Spain, Madrid, Spain) was used. Each sample underwent sixteen spectra measurements
with a resolution of 4 cm−1.

To ensure uniformity in size distribution measurements, we utilised the image analysis
software Image J 1.52p (Wayne Rasband, MD, USA). Each image of the samples under
analysis was accurately calibrated to obtain measurements in the correct units. The obtained
measurements were then transferred to Excel, and corresponding representations were
generated. Three different nanofibre veils were obtained, and 20 measures were made from
every image.
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Finally, to evaluate the staining capacity of the nanofibres after subjection to a 20-cycle
rubbing process, the Crockmeter model CM-1 from ATLAS ELECTRIC DEVICES Co.
(Chicago, IL, USA) was used. The control fabric used during the test was the same fabric
on which the nanofibres were deposited, i.e., a 100% polyester fabric.

3. Results

3.1. Solution Characterisation

The characteristics of all the solutions and the components used are given in Table 2. All
measurements were carried out at room temperature so as not to influence the parameters.

Table 2. Solution parameters.

Reference PVA 9% PVA + Acid Black 194
PVA + Sage Oil +
Solvent Black 3

Viscosity (cP)
(SD 3.47) 143.88 177.36 181.66

Conductivity (μS)
(SD 6.78) 294.2 2620 248.8

Surface tension (mN/m)
(SD 1.76) 59.58 54.24 33.86

pH
(SD 0.03) 5.62 6.32 5.09

We correctly characterised the solutions by measuring the viscosity, surface tension,
conductivity, and pH of each one, as well as the starting solution of 9% (w/v) PVA. We
also measured the solution parameters of Solvent Black 3 dye and sage oil to determine
their influence on the emulsion. Table 2 shows how the viscosity values increase with
the addition of the colouring substances in the PVA solution. However, the opposite was
true for surface tension values, which decreased. The conductivity parameter increased
considerably when AB194 dye was added; however, it decreased slightly when SB3 dye
and sage oil were added. The pH values remained partially stable.

Figure 2 shows the images of the solutions under an optical microscope. As expected,
no compounds or aggregates were found in the PVA solution (Figure 2a), which means that
the polymer was correctly dissolved. The same happened with the dissolution of the AB194
dye in the PVA solution (Figure 2b); a completely homogeneous solution was observed
due to the great solubility of the dye in the aqueous solution. However, at first glance, it
can be observed that the solution had lost its initial transparency attributed to the PVA and
now had a high black colouring. Finally, due to the hydrophilic and hydrophobic nature
of the components, an emulsion was obtained between PVA (aqueous) and sage essential
oil dyed with Solvent Black 3 (oil). Figure 2c shows the microdroplets generated by the
emulsion, which were characterised by a homogeneous distribution of the encapsulations’
radial sizes.

Figure 2. Different solutions under an optical microscope. (a) PVA solution; (b) PVA + Acid Black
194 solution; (c) PVA + sage oil + Solvent Black 3 emulsion.
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Maintaining the stability of an emulsion over time is complicated, and this becomes
even more difficult when voltage is applied to the solution. The electrospinning technique
requires the creation of an electrostatic field between two electrodes by applying an electric
current to the extruder component. Figure 3 shows the effect of voltage application on the
stability of the emulsion.

Figure 3. PVA + sage oil + Solvent Black 3 emulsion under an optical microscope. (a) Solution
extracted from the extruder capillary where the electric current is applied, red circles show different
size drops; (b) solution extracted from the syringe where the emulsion is held.

The application of electric current to an emulsion can separate its component phases;
in this case, PVA is the aqueous phase and sage oil is the oily phase. For years, many
researchers have shown interest in electrostatic phase separation for the separation of oil
from water. When an electric current is applied to an emulsion, electrocoalescence can occur.
This means that when an electric field is applied, the dispersed emulsion droplets start
to move and experience electrostatic forces that can lead to coalescence until they merge.
In addition, if the outer membrane of the droplet becomes too narrow, it can break and
separate the dispersed and dispersing phases [35,36]. Figure 3a shows a big difference from
the initial emulsion image; the encapsulated droplets were greatly reduced, and a different
size distribution was generated. Figure 3a shows a big difference concerning the image
of the initial emulsion. After applying electric current in the electrospinning process, the
encapsulated droplets were greatly reduced, and a different size distribution was generated.
In addition, it can be seen (Figure 3a, marked in red circles) that the encapsulation of the oil
in the droplets has apparently decreased. However, as shown in Figure 3b, the emulsion
that was retained in the syringe of the equipment was stable, just like the initial emulsion,
and the encapsulated black-dyed sage oil could be seen (see Figure 4).

3.2. Nanofibre Characterisation
3.2.1. Visual Colour Test

The visual staining test was carried out with five volunteers who were shown three
samples and asked to answer which one had black staining. Figure 5 shows the electrospun
dye nanofibres.

As can be seen from the survey results (Table 3), all respondents were able to identify
the colour black in only one sample; the other two apparently showed a white colour.
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Figure 4. Solutions used in the experiment. (a) PVA 9%; (b) PVA + Acid Black 194; (c) PVA + sage oil
+ Solvent Black 3.

Figure 5. Nanofibres on polyester fabric. (a) PVA + Acid Black 194 nanofibres; (b) PVA + sage oil +
Solvent Black 3 nanofibres.

Table 3. Visual colour test results.

Reference PVA 9% PVA + Acid Black 194 PVA + Sage Oil + Solvent Black 3

Colour Identification
(five volunteers)

White
(5)

Black
(5)

White
(5)

3.2.2. Diffuse Reflectance Spectroscopy

Diffuse reflectance spectroscopy was used to perform a detailed and quantitative
analysis of the obtained colour data. The chromatic coordinates of the samples were
determined by averaging at least four measurements of the samples.

Table 4 shows the CIE Lab* colourimetry values obtained for each sample. The 100%
PES textile was used as the standard sample because the nanofibres were electrospun on it.

Figure 6 shows the location of the values obtained in CIE Lab* space. The values
obtained for the PVA nanofibres (yellow point) showed minimal colour variation with
respect to the white polyester fabric. This could be because, although the PVA solution
is transparent in its liquid state, when it solidifies, it turns white or slightly yellow. The
brightness of the sample was very similar to the standard sample.
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Table 4. CIE Lab* data of the samples.

Reference
L*

(SD 0.81)
a*

(SD 0.19)
b*

(SD 0.21)
dL* da* db* dE*ab Difference

PES
(Standard) 95.29 −0.89 1.91 - - - - -

PVA 9% 94.83 −0.87 2.12 −0.46 0.02 0.21 0.50 No
PVA + Acid Black 194 76.39 −0.75 −1.73 −18.89 0.14 −3.64 19.24 Yes

PVA + sage oil + Solvent Black 3 94.99 −0.88 2.07 −0.3 0.01 0.16 0.34 No
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Figure 6. Results of the colourimetry of the samples. (a) Sample brightness results. (b) Chromatic
coordinates: blue point: PES fabric (standard); yellow point: PVA 9% nanofibres; orange point:
PVA + Acid Black 194 nanofibres; grey point: PVA + sage oil + Solvent Black 3 nanofibres.
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On the contrary, the results showed that the addition of Acid Black 194 dye to the PVA
solution generated bluish-coloured nanofibres, as indicated by its value (−1.73 b*), which
can be seen in the position of the orange point in Figure 6b. This result is compatible with
what the five volunteers answered in the visual test. It also decreased the brightness value
(76.39 L*) of the sample compared to the standard (95.29 L*) due to dyeing.

However, although the emulsion of PVA + sage oil + black solvent 3 had a greyish
colour in the liquid state, this colour did not appear on the nanofibres when they were
electrospun. The CIE Lab* measurements showed a value of −0.88 for parameter a* and a
value of 2.07 for b* for the nanofibres generated from the PVA + sage oil + Solvent Black
3 emulsion. These values are very close to those obtained for the standard sample (−0.89 a*
and 1.91 b*), which indicate that the nanofibres generated from the emulsion did not show
a black colouring on their surface but showed a slightly yellowish–whitish shade, similar
to the PVA nanofibres.

3.2.3. Rubbing Test

We sought to determine what happens to both types of nanofibres when subjected to
a rubbing process. After the test, the colours of the rubbed sample and the control used for
the rubbing were evaluated. Table 5 shows the colourimetry results obtained after rubbing.

Table 5. CIE Lab* data of the samples after the rubbing test.

Reference
L*

(SD 0.76)
a*

(SD 0.17)
b*

(SD 0.18)
DL* Da* Db* DE*ab Difference

PES
(Standard) 95.29 −0.89 1.91 - - - - -

PVA + Acid Black
194_Rubbed 91.45 −0.94 0.78 −3.84 −0.05 −1.14 4.01 Yes

PVA + Acid Black
194_Control 76.91 −0.64 −2.7 −18.38 0.25 −4.62 18.95 Yes

PVA + sage oil + Solvent
Black 3_Rubbed 94.24 −0.78 2.11 −1.05 0.11 0.19 1.07 Yes

PVA + sage oil + Solvent
Black 3_Control 93.41 −0.82 2.06 −1.88 0.07 0.14 1.89 Yes

Figure 7 shows the brightness results obtained after the rubbing tests. Concerning
the nanofibres containing the AB194 dye (PVA + Acid Black 194), it can be seen that
after performing the test on the electrospun sample (PVA + Acid Black 194_Rubbed), the
brightness value of the latter increased to 91.45 L*, a value that almost reached that of the
standard PES sample, 95.29 L*. In the same way, it can be seen that the brightness value
of the control fabric (PVA + Acid Black 194_Control), which would initially be 95.29 L*
as it is the same standard fabric, decreased to 76.91 L*, a value very similar to that of the
PVA + Acid Black 194 sample, 76.39 L*. These results can be explained by the fact that
the rubbing process caused the nanofibres to detach from the PES fabric, where they were
deposited and transferred to the used control fabric.

However, when analysing the brightness values of the rubbed sample with the en-
capsulated SB3 dye (PVA + sage oil + Solvent Black 3_Rubbed) and the control fabric
(PVA + swage oil + Solvent Black 3_Control), these values are not very different from those
obtained with the original sample.

Figure 8 shows the colour difference results obtained after the rubbing tests.
The colour difference data obtained corroborate the abovementioned; in the case of

the PVA + Acid Black 194 sample, the dyed nanofibres or dye was directly transferred to
the control fabric (PVA + Acid Black 194_Control) used. For this reason, the control, which
was initially white after the test, had a DE*ab value of 18.95. As the value increased in the
control sample, it decreased in the rubbed sample, as it obtained a value of 4.01 DE*ab.
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Figure 7. Luminescence (L*) results of the samples after the rubbing test.
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Figure 8. Results of colour difference (DE*ab) of the samples after the rubbing test.

After the rubbing of the PVA + sage oil + Solvent Black 3 sample, the DE*ab value
increased slightly (1.07 DE*ab) compared to the original sample (0.34 DE*ab). However, a
higher increase in the control sample was observed, which reached a value of 1.89 DE*ab.

Despite the rubbing tests, a greater colour difference was still observed in the samples
containing the Acid Black 194 dye compared with the nanofibres produced from the
emulsion with sage oil and Solvent Black 3 dye.

3.2.4. FTIR

Fourier transform infrared spectroscopy (FTIR) is highly valuable in discerning func-
tional groups exhibiting distinct vibrations within specific spectral ranges, typically be-
tween 4000 and 400 cm−1. Nonetheless, achieving quantitative determinations demands
meticulous calibrations and involves increased complexity due to the overlapping molecu-
lar vibrations in certain regions of the spectrum [37]. These overlaps can lead to fluctuations
in the centre of the vibrational bands, making accurate measurements more challenging. In
this case, we intended to use FTIR to identify the presence of the different dyes and the
essential oil of sage in the nanofibres so as to identify the functional groups characteristic
of the type of dye and the essential oil used and determine the evolution of the PVA curve
when the additive compounds are included.

When analysing the spectrum of the nanofibres obtained from the PVA + Acid Black
194 solution and comparing it with the spectra of the PVA and the dye, the presence of
peaks characteristic of both can be seen in Figure 9. This graphic shows the polyvinyl
alcohol nanofibre in blue, the spectrum of the AB194 dye in orange, and the spectrum of
the PVA + Acid Black 194 in grey.

The characteristic peaks, named A, B, and C, have already been cited by several authors
who have analysed the same or similar compounds. Point A marks a characteristic peak of
PVA at wavelength 3300 cm−1; this is due to its -OH groups [38]. The characteristic peak of
the dye called B at 1580 cm−1 is due to the presence of the azo bond (-N=N-), characteristic
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of azo dyes [39,40]. Finally, the C peak at wavelength 1100 cm−1 shows the aromatic nature
of the dye, i.e., it reflects the presence of carbon–carbon bonds (C=C) [40,41].

(a) 

(b) 

Figure 9. Infrared spectra of the nanofibres. (a) Acid Black 194; blue line: PVA nanofibres; orange
line: Acid Black 194 dye; grey line: PVA+Acid Black 194 dye nanofibres. (b) Solvent Black 3; blue line:
PVA nanofibres; orange line: sage oil; yellow line: Solvent Black 3 dye; green line: PVA + sage oil +
Solvent Black 3 dye nanofibres.

The presence of the AB194 dye should provide an increase in the -N=N- band with
respect to the OH band. This is reflected in Table 6, where the spectrum of PVA nanofibres,
the spectrum of Acid Black 194, and the spectrum of the PVA+ Acid Black 194 nanofibre
veil are analysed.

The intensity analysis showed that the presence of AB194 in the PVA nanofibres
increased the ratio (I1580/I3300 = 1.3516) with respect to that of the nanofibres without dye
(I1580/I3300 = 0.1650). The opposite occurred when the C=C band was studied with respect
to the OH band. In this case, the presence of the dye could be seen when the absorbance of
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the coloured nanofibres (I3300/I3100 = 0.4684) decreased with respect to the PVA nanofibres
(I3300/I3100 = 0.7946). In this way, it is possible to demonstrate the presence of Acid Black
194 in the PVA nanofibres, even if it is already visually observed.

Table 6. Band intensity of FTIR spectra of electrospun PVA nanofibres, Acid Black 194 dye, and
electrospun PVA+ Acid Black 194 nanofibres.

Reference
A

I3300

B
I1580

B/A
I1580/I3300

C
I1100

A/C
I3300/I1100

PVA nanofibres 0.3435 0.0772 0.1650 0.0618 0.7946
ACID BLACK 194 0.1591 0.1922 1.2080 0.4142 0.3841

PVA + Acid Black 194 nanofibres 0.0364 0.0492 1.3516 0.0777 0.4684

Similarly, to determine the presence of sage oil and SB3 dye in the electrospun PVA
nanofibres, their FTIR spectra were analysed and are shown in Figure 9b. In this case, the
remarkable peaks were named D, E, F, G, and H.

The peak centred around point D aligned with the peaks at 3300 cm−1, primarily
indicating OH stretching. This peak was notably absent in sage oil. Adjacent to this feature,
we observed another peak labelled E, aligning with the range of 2956–2849 cm−1. This range
is attributed to both symmetrical and asymmetrical stretching of CH bonds (in CH3 and
CH2 groups) [42]. Notably, this band exhibited significant intensity even when tested with
sage essential oil. Consequently, the presence of sage can be recognised by an elevated CH
band in comparison to the OH band. This observation is evident in Table 7, which displays
the spectra of three samples: electrospun PVA nanofibres, the sage essential oil spectrum
provided by the supplier, the spectrum of the Solvent Black 3 dye, and the spectrum of the
PVA + sage oil + Solvent Black 3 nanofibres. The intensity assessment revealed that the
presence of sage led to an augmentation in the intensity of the CH stretching band (I2915) in
relation to the OH stretching band (I3300). As a result, the calculation of the ratio between
these two bands (I3300/I2915) exhibited a substantial contrast between PVA (1.9902) and
sage (0.0450). This discrepancy signifies that the presence of sage in sample PVA + sage
oil + Solvent Black 3 nanofibres (0.6412) was confirmed through a reduction in this ratio
compared to PVA devoid of sage.

Table 7. Band intensity of the FTIR spectra of electrospun PVA nanofibres, sage oil, and PVA+ sage
oil + Solvent Black 3 nanofibres.

Reference
D

I3300

E
I2915

D/E
I3300/I2915

F
I1734

G
I1640

G/F
I1640/I1734

H
I1520

D/H
I3300/I1520

PVA nanofibres 0.1017 0.0511 1.9902 0.0139 0.0259 1.8633 0.0212 4.7972
Sage oil 0.0058 0.1288 0.0450 0.2193 0.0143 0.0652 0.0040 1.4500

Solvent Black 3 0.0871 0.0849 1.0259 0.0597 0.0570 0.9547 0.2846 0.3092
PVA + sage oil + Solvent

Black 3 nanofibres 0.0202 0.0315 0.6412 0.0027 0.0037 1.3703 0.0022 9.1818

Likewise, the distinct characteristics of salvia, namely camphor and thujone, displayed
C=O stretching vibrations with a central frequency of 1730 cm−1. Additionally, the presence
of pinene was identifiable by the -C=C- alkene bond, as evidenced by a peak centred at
1640 cm−1 [43,44], which corresponds to typical features of terpenes found in essential
oils [45]. In the spectra of the nanofibres (Figure 9b), these specific peaks aligned with the
designated F and G peaks of the sage oil spectrum. Upon scrutinising the behaviour of
these bands within the sage sample utilised in the study, it was evident that the presence
of pinene was notably less prevalent in comparison to camphor and thujone. This was
reflected by a distinctive peak at 1730 cm−1. The data presented in Table 7 demonstrate
that PVA nanofibres with sage led to a reduction in the ratio (I1640/I1734 = 1.3703) when
contrasted with PVA without sage (I1640/I1734 = 1.8633). Consequently, the intensities of
these bands provided further substantiation for the existence of sage within the nanofibres.
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To identify the Solvent Black 3 dye inside the nanofibres, the so-called H peak (Figure 9b)
was observed at wavelength 1520 cm-1 due to the stretching of the azo groups (N=N) [46].
By studying the ratios in Table 7, it can be seen that with the addition of the SB3 dye, the
ratio (I3300/I1520 = 9.1818) increased with respect to that observed when the nanofibres
were produced without dye (I3300/I1520 = 4.7972), which may be evidence of the presence
of dye inside the PVA and sage oil nanofibres.

3.2.5. SEM

SEM characterisation was performed to assess whether there was any difference at
the nanoscale according to the electrospinning solution. Figure 10a shows the nanofibres
generated from the dissolution of AB194 dye in the PVA solution. It can be seen that the
aqueous solvent evaporated correctly during the electrospinning process, as the nanofibres
did not have pores on their surfaces. The nanofibres were mostly tubular in cross-section,
but there were many elongated beads of similar size along them. Due to the long process
time of 90 min, a high deposition of the nanofibres and the creation of different nanofibrous
layers on the PES collector substrate were observed.

 

Figure 10. SEM images of the nanofibres. (a) PVA + Acid Black 194 nanofibres (5.00 kx) in bad
condition (with beds); (b) PVA + Acid Black 194 nanofibres (5.00 kx); (c) PVA + sage oil + Solvent
Black 3 nanofibres (5.00 kx).

On the other hand, when the solution prepared from the emulsion of sage oil dyed
with SB3 dye in an aqueous solution of PVA was electrospun, a different result was obtained.
Figure 10b shows the produced nanofibres, which had more beads in their cross-section;
in this case, the beads were also more spherical in shape. Previous studies have shown
that the spherical beads contain the sage oil used in the emulsion [34]. In both cases, it is
observed that the deposition of the nanofibres was completely random due to the use of a
static collector. Table 8 shows the average diameter of the nanofibres and beads.

Table 8. Average diameter of the nanofibres and beads.

Reference PVA + Acid Black 194 PVA + Sage Oil + Solvent Black 3

Ø Nanofibres (nm)
(SD 2.81) 87.83 68.94

Ø Beads (nm)
(SD 1.99) 271.04 430.20

Bead formation in nanofibre veils can be due to multiple factors. However, it is
generally attributed to an unstable Taylor cone due to an inexact balance between the feed
flow rate and applied voltage. A lower viscosity favours the appearance of larger-diameter
beads. When Acid Black was added to 9% PVA, as shown in Table 2, the viscosity slightly
increased from 143.88 cP to 177.36; the flow rate and voltage need to be adjusted as described
in Table 1; otherwise, beads appear (Figure 10a). Once the parameters were adapted to
the solution’s viscosity, no beads were present in the PVA + Acid Black 194 nanofibres,
as can be seen in Figure 10b. The nanofibres showed a diameter of around 87.3 nm, and
slight widening was observed, which is attributed to the dyestuff presence in the polymer
solution, whose size is 271.04 nm. In contrast, the PVA + sage oil + Solvent Black 3 solution
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had a higher viscosity, 181.66 cP, so the beads formed in the nanofibres were of a higher
diameter, 430.20 cP. It can be seen that the beads showed a spherical shape, which is likely
due to the round shapes that keep the oil inside [34]. When the nanofibres were measured,
it can be easily appreciated (Table 8) that the fineness decreased considerably when the
9% PVA was electrospun from the oil emulsion (68.94 nm) in comparison to the 9% PVA
with dyestuff (87.83). This can be due to the stretching generated by the oil sphere in the
polymer in order to be fully coated with PVA.

SEM images of the nanofibrous samples that were subjected to a rubbing test demon-
strate the non-existence of nanofibres on the polyester fabric after the test (Figure 11a,c).
This also demonstrates the low adhesion of the dyed PVA nanofibres to the collector substrate.

Figure 11. SEM images of the nanofibres after the rubbing test. (a) PVA + Acid Black 194 nanofibres
(24 ×); (b) control fabric for the rubbing test on PVA + sage oil + Solvent Black 3 nanofibre sample
(200 ×); (c) PVA + sage oil + Solvent Black 3 nanofibre (24 ×); (d) control fabric for the rubbing test
on PVA + sage oil + Solvent Black 3 nanofibre sample (200 ×).

In addition, on the control fabric used to rub the nanofibres, a multitude of small
bulges appeared along the polyester fibres and between them (Figure 11b,d). These bulges
were not present on the original fabric before the test was carried out.

4. Discussion

In the electrospinning technique, the use of different compounds can significantly alter
the morphology of the nanofibres. The initial characterisation of the two studied solutions
shows how the initial values of the PVA solution can be modified by adding various
compounds. Nevertheless, very similar electrospinning process values were established
for both processes.

The optical microscopy performed on the polymeric solutions demonstrated the
difference between dissolving the AB194 dye in an aqueous solution of PVA, where the
obtained image was very similar to that of the PVA solution compared with the image
obtained from the emulsion of the RB3 dye dissolved in sage essential oil together with the
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PVA solution. The image of the emulsion showed the microcapsules generated where the
coloured oil was stored due to its darker appearance.

The 5 g/L concentration of dye in the PVA solution was shown to be able to colour the
nanofibres and be visible to the naked eye. However, when this amount was added
to the sage oil and the emulsion was prepared, the produced nanofibres showed no
noticeable colouring.

A quantitative analysis of the colour of the nanofibres by means of diffuse reflectance
spectroscopy enabled us to establish the exact colour differences between the samples.
The PVA and PVA + sage oil + Solvent Black 3 nanofibres presented brightness values
very close to the values obtained by the collector substrate where the nanofibres were
deposited, i.e., 94.83 and 94.99 L*, respectively. However, the PVA + Acid Black 194 sample
presented a lower brightness value than the rest, 76.39 L*, due to the dark colouring
obtained. In addition, the latter sample shifted on the X-axis shown in Figure 6a, which
is explained by the large colour difference in the sample compared with the standard
polyester collector sample.

The nanofibre veils produced from the solution of AB194 in the PVA solution had
a greyish colour, as can be seen in the lower-left grid of Figure 6b, closer to the blue
colour due to its value of −1.73 b*. In the case of the nanofibrous veils produced from the
emulsion of sage oil dyed with the SB3 dye in the PVA solution, the location of the point
that represents it in the graph is very close to the representative of the PVA nanofibres
and the standard polyester fabric, which reflects the non-existence of surface colour in the
generated nanofibres.

Rubbing tests are useful to determine what happens to the dyed nanofibres when the
fabric is rubbed. The results on the PVA + Acid Black 194 sample showed that when the
fabric with nanofibres was subjected to a rubbing test, the brightness of the fabric increased
(91.45 L*). This could be attributed to the removal of the nanofibres from the fabric, as
this results in a value very similar to that obtained on the collector fabric (95.29 L*). When
analysing the control fabric with which the test was carried out, which initially had a value
of 95.29 L* as it was the same fabric, this value dropped to 76.91 L*. This decrease could
mean that a large part of the nanofibres that were initially on the sample to be tested were
transferred to this control fabric. On the PVA + sage oil + Solvent Black 3 sample, no
significant changes were observed after the rubbing test.

The previously assumed transfer of the nanofibres to the control fabric was confirmed
by the evaluation of the colour difference shown in Figure 8. The obtained values showed
a large decrease in the value of the rubbed PVA + Acid Black 194 sample (4.01 DE*ab) com-
pared with the initial value (19.24 DE*ab), which reflects the disappearance of the nanofibres
from the surface. Similarly, the value of the control sample increased to 18.95 DE*ab, which
means that it can be categorically stated that almost all the nanofibres were transferred
to the fabric with which the rubbing test was carried out. In the case of the nanofibres
produced from the emulsion, it is worth noting that the values increased with respect to
their original values after the rubbing test. The rubbed fabric reached a value of 1.07 DE*ab,
a higher value than the 0.34 DE*ab of the original sample. The value of the control sample
was 1.89 DE*ab. Therefore, as with the other solution, greater differences in colour were
obtained in the rubbed sample because the nanofibres remained adhered to it.

The colourimetry results after the rubbing test on the nanofibres produced from the
PVA + sage oil + Solvent Black 3 emulsion confirm the presence of encapsulated dye inside
the nanofibres, which comes out when the polymeric shell from the nanofibre is destroyed.
For this reason, the nanofibre veil generated from the emulsion looks very similar to the
one produced from the PVA solution, as the SB3 dye remained encapsulated inside the
fibre and only PVA was present on the outside.

FTIR characterisation was useful in demonstrating the presence of the Acid Black 194
and Solvent Black 3 dyes, as well as a sage essential oil, in the electrospun nanofibres.

SEM microscopy was able to demonstrate that nanofibres can be generated from
both solutions and also provided information regarding the morphology of the fibres,
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highlighting the appearance of elongated beads along the tubular section of the nanofibres
electrospun from PVA and AB194. In this case, an average value of 87.83 nm was obtained
for the tubular diameter of the nanofibres and an average diameter of 471.04 nm for the
beads. SEM images showed the difference when electrospinning the SB3 sage oil emulsion
with PVA. These showed a greater number of beads along the nanofibres with a much more
spherical shape. The beads had an average diameter of 430.20 nm, while the nanofibres
had an average diameter of 68.94 nm, both values being lower than those obtained from
the PVA and AB194 solution.

In agreement with diffuse reflectance spectroscopy, SEM images also showed that the
nanofibre veils disappeared in the scrubbed sample and were transferred as aggregates to
the test fabric.

5. Conclusions

Nanofibres have been extensively studied in terms of their technical aspects; however,
the aesthetics of nanofibres have hardly been of interest. In recent decades, nanofibres have
become integrated into a multitude of sectors due to their specific characteristics. However,
in some of them, such as fashion and biomedicine, the aesthetics of these nanometric
structures are beginning to be important.

Conventional textile dyeing can be carried out in multiple ways; however, the dyeing
of electrospun nanofibrous structures has not been extensively studied. In this study, the
influence of producing electrospun nanofibres from two dyed solutions, one from a dye
solution and the other from an emulsion, including oil-soluble dyestuffs, was studied.
The results proved the ability to incorporate a dye compound by both processes and its
correct subsequent electrospinning process with slight modifications in comparison to
the polymer electrospun without dyestuff. Furthermore, although both solutions were
initially quite similar in colour, a large difference in colour was evident when the nanofibres
were obtained.

The results showed a higher colouring of the nanofibres produced from the PVA+ Acid
Black 194 solution. Therefore, we conclude that if a product requires visibly coloured
nanofibres, dissolving the dye directly in the PVA solution is the best solution.

On the other hand, the electrospinning of the Solvent Black 3 dye emulsion in the
essential oil of sage and PVA showed a non-existent surface colouring due to the fact
that the dye remained encapsulated inside the nanofibre, so a completely white surface
was obtained on the outside. Subsequently, when this fibre was destroyed, the dye was
visible on the surface. This result is ideal for those applications where an initial surface
colouring modification is not required, and it is necessary to provide evidence when some
stimulus comes into contact with the surface and consequently touches nanofibres and
destroys them.

In addition, rubbing tests showed the disappearance of the colour when rubbing the
collector substrate where the nanofibres were collected, which is evidence of the weak
adhesion between the nanofibres and the polyester fabric. The low adhesion between the
collector fabric and the electrospun nanofibres can open up different fields of application,
but it can also prevent its application in other fields where a stronger bonding of the
two structures is required.

This study aimed to open up new fields of application where aesthetics is important
or a touch sensor is necessary, based on the two types of nanofibre colourings studied.
These conclusions are limited to 9% PVA solutions and the dyestuff tested. Further stud-
ies with different polymers, dyestuffs, and surfaces should be conducted to generalise
this behaviour.
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