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ABSTRACT

This study investigates the effects of the twisting process of yarns containing zinc oxide nanoparticles (ZnO NPs) on the
mechanical properties and antibacterial performance of knitted fabrics, and evaluates their feasibility as functional textile
materials. Two- and three-ply ZnO-containing yarns were prepared using a ring-twisting machine at various speeds to obtain
twist coefficients ranging from 0 to 5. The twisted yarns were then fabricated into knitted fabrics and evaluated for their physical
properties, including hairiness, tensile strength, air permeability, and water vapor transmission rate (WVTR). Results revealed
that increasing the twist coefficient significantly reduced yarn hairiness, indicating enhanced fiber compactness. The fabrics
with a twist coefficient of 3 (samples 2Zn-3C-K and 3Zn-3C-K) exhibited optimal mechanical strength and air permeability,
whereas excessive twisting (>4) led to a decrease in tensile strength due to fiber over-twisting.For antibacterial evaluation,
Staphylococcus aureus (S. aureus) was used as the test strain. The results showed a marked reduction in bacterial colonies with
increasing twist coefficients, achieving antibacterial rates of 87% and 90% for samples 2Zn-5C-K and 3Zn-5C-K, respectively.

KEYWORDS: Zinc oxide nanoparticles (ZnO NPs); Staphylococcus aureus(S. aureus); coefficient of twist; knitted
fabrics; colony count.

1. INTRODUCTION

With the increasing awareness of personal health protection and continuous advances in textile and medical technologies,
hygiene consciousness has become an integral part of daily life. The focus of textile development has gradually shifted from
mere wearing comfort to multifunctional product design, particularly toward textiles with antibacterial properties[1], [2].
Because textiles remain in prolonged contact with human skin, they are easily contaminated by perspiration, sebum, and
keratinized metabolites—providing a favorable environment for microbial growth. Among these microbes, Staphylococcus
aureus (S. aureus), a Gram-positive bacterium commonly found on skin and in the environment, can proliferate on textile
surfaces, leading to unpleasant odors, material degradation, and even skin infections or other health issues [3].

Antibacterial agents used in textiles are generally classified into three types: organic, inorganic, and natural. Although early
organic agents exhibited strong antibacterial efficacy, their limited stability and durability, as well as potential toxicity, have
restricted their use. In contrast, inorganic antibacterial agents are thermally stable, long-lasting, and more environmentally and
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biologically compatible [4]. Silver ions possess excellent antibacterial properties but are costly, limiting large-scale applications.
Zinc oxide nanoparticles (ZnO NPs), by comparison, are non-toxic, biocompatible, and recognized as “Generally Regarded As
Safe” (GRAS) by the U.S. Food and Drug Administration [5], [6], [7]. Owing to these advantages, ZnO NPs have gained wide
attention in antibacterial textiles, especially in medical applications, where they effectively inhibit common hospital-associated
bacteria such as S. aureus and Escherichia coli, both major causes of nosocomial infections[8].

The antibacterial mechanisms of ZnO NPs include the generation of reactive oxygen species (ROS), the release of Zn?" ions,
and the disruption of bacterial cell wall formation[9].

Several studies have confirmed the antimicrobial efficacy of ZnO NPs against various microorganisms, including E. coli, S.
aureus, and Bacillus subtilis [10], [11], [12]. Arputharaj et al. reported that cotton fabrics treated with ZnO NPs retained
significant antibacterial activity against S. aureus and Klebsiella pneumoniae even after five washing cycles [13]. Similarly,
Patil et al. [14] and Babu et al[15]. demonstrated that physically modified ZnO nanoparticles applied to cotton fabrics could su
bstantially enhance antibacterial performance and durability, providing an effective route for textile functionalization.
Furthermore, ZnO NPs are widely used in sunscreens for ultraviolet (UV) protection and in artificial tooth coatings to improve
durability and biocompatibility. In environmental applications, ZnO NPs serve as catalysts or adsorbents in wastewater treatment
and textile waste management, helping remove pollutants in an eco-friendly manner. Consequently, ZnO NPs represent a
promising component of sustainable functional textiles [16], [17], [18].

Yarn processing methods such as coating or twisting can alter yarn structure, potentially influencing its functional performance.
Studies have indicated that excessive twisting reduces yarn hygroscopicity and capillary efficiency [19], [20]. Knitted structures,
owing to their superior elasticity, air permeability, and conformability, are highly valued in functional textile development.
Compared with woven fabrics, knitted fabrics possess larger specific surface areas, enhancing their capacity to incorporate and
activate functional materials [21], [22].

In this study, ZnO nanoparticle-containing yarns were twisted using a ring-twisting machine to produce two- and three-ply
composite wrapped yarns. By adjusting the spindle speed and winding rate, yarns with different twist coefficients were obtained.
These yarns were then fabricated into knitted fabrics using a fully computer-controlled single-cylinder knitting machine. The
resulting fabrics were characterized for mechanical properties, water vapor transmission rate (WVTR), and air permeability.
Antibacterial activity against S. aureus was evaluated through colony counting, optical density (OD) measurements, and
inhibition rate analysis. The combined results were used to determine the optimal processing parameters for achieving balanced
echanical and antibacterial performance.

2. EXPERIMENTAL

Figure 1 illustrates the experimental procedure of this study. ZnO nanoparticle-containing yarns were first subjected to a twisting
process to produce yarns with different twist coefficients. These twisted yarns were then knitted into fabrics, which were
subsequently evaluated for their antibacterial performance.
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Figure 1. Schematic diagram of the experimental procedure in this study.
2.1 MATERIALS

A 30-count yarn containing nano-zinc oxide (ZnO NPs) was supplied by TUNG HO TEXTILE CO., LTD. (Taiwan). This base
yarn was subjected to a twisting process to prepare 12 types of twisted yarns with varying parameters.
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For the antibacterial evaluation, Staphylococcus aureus (S. aureus, ATCC 25923) was procured from the Bioresource Collection
and Research Center (BCRC, Taiwan).

2.2 EXPERIMENTAL SAMPLE PREPARATION

The preparation of the nano-ZnO twisted yarns involved a two-step process. First, the base 30-count nano-ZnO yarns were plied
into two-strand (two-ply) and three-strand (three-ply) configurations using an automatic winding machine. Subsequently, these
plied yarns were twisted using a ring-twisting machine. Yarns with different twist coefficients were obtained by varying the
rotational speed difference between the winding and take-up components of the machine.

A nomenclature system was established to identify the samples, as summarized in Table 1. In this system, the number preceding
"Zn" (e.g., 2Zn-) indicates the number of plies (two-ply). The number preceding "C" (e.g., 3C-) represents the twist coefficient.
The suffix "C" denotes the sample in its yarn state, while the suffix "K" (e.g., 2Zn-3C-K) signifies the final knitted fabric
prepared from that yarn. Due to the large number of specifications in this study, samples will be referred to by this nomenclature
hereafter.

Table 1. Sample nomenclature.

Zn0 oy knitted fabric form) | CocTTcient of st
2Zn-0C 2Zn-0C-K 0
2Zn-1C 2Zn-1C-K 1
2Zn-2C 2Zn-2C-K 2
Two-ply
2Zn-3C 2Zn-3C-K 3
2Zn-AC 2Zn-4C-K 4
2Zn-5C 2Zn-5C-K 5
37n-0C 3Zn-0C-K 0
3Zn-1C 3Zn-1C-K 1
Three. 3Zn-2C 3Zn-2C-K 2
ply 3Zn-3C 3Zn-3C-K 3
3Zn-4C 3Zn-4C-K 4
37Zn-5C 3Zn-5C-K 5

Preparation of ZnO Knitted Fabrics

Two-ply and three-ply ZnO yarns were twisted using a rotor twisting machine at different spindle speeds of 0, 3000, 6000, 9000,
12,000, and 15,000 rpm, corresponding to twist coefficients of 0, 1, 2, 3, 4, and 5, respectively. The twisted yarns were then
knitted into fabrics using a fully computerized, high-efficiency, single-cylinder hosiery knitting machine (Model DK-B318, Da
Kong Enterprise Co., Ltd., Taiwan). A total of twelve fabric samples with different processing parameters were prepared for
subsequent experiments.

2.3 EXPERIMENTAL TESTING
2.3.1 MECHANICAL PROPERTIES OF KNITTED FABRICS

The tensile strength (breaking tenacity) of the ZnO knitted fabrics was measured according to ASTM D5034 using a universal
tensile testing machine (Model HT-2402, Hung Ta Instrument Co., Ltd., Taiwan). The gauge length was set at 100 mm, and the
crosshead speed at 300 mm/min. Each specimen measured 20 cm x 2.5 cm, and ten tests were performed for each sample. The
average value was reported.
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2.3.2 WATER VAPOR TRANSMISSION RATE (WVTR)

The WVTR of the ZnO knitted fabrics was evaluated following ASTM E96. Fabric samples were sealed on the mouth of glass
bottles containing a fixed amount of water and placed inside a controlled test chamber at 25 °C and 30—-35% relative humidity.
The initial weight of each sample bottle (glass + water + fabric) was recorded as Wo using a precision balance. The bottles were
then reweighed (Wt) after exposure periods of 1, 2, 4, 8, 16, and 24 hours.

The WVTR was calculated using Equation (1):

o Wo — Wy
(water vapor transmission rate) =

X 100% ... (1)

Where Wo is the initial sample weight (g), Wt is the weight after exposure (g), A is the surface area of the fabric (m?), and t is
the evaporation time (h).

2.3.3 AIR PERMEABILITY

Air permeability testing was conducted according to ASTM D737 using an air permeability tester (Model FX 3300, Textest AG,
Germany). Each ZnO knitted fabric specimen measured 25 cm x 25 cm, and twelve readings were taken per sample. The average
value was reported.

2.3.4 UV-VISIBLE SPECTROPHOTOMETER (ODso) ANTIBACTERIAL TEST

For optical density analysis, 1 mL of S. aureus bacterial suspension (10° CFU/mL) was dropped onto each ZnO knitted fabric
sample and incubated for 16 hours at 37 °C. After incubation, 9 mL of nutrient solution was added to each sample bottle,
followed by shaking for 5 minutes. Subsequently, 1 mL of the nutrient solution was transferred into a cuvette and analyzed using
a UV-visible spectrophotometer at a wavelength of 600 nm. The absorbance values were recorded, and the average was
calculated.

2.3.5 ANTIBACTERIAL TEST

The antibacterial performance was evaluated according to the AATCC 100-2004 standard. Each sample was placed in a 25 mL
bottle, and 1 mL of S. aureus bacterial suspension (10° CFU/mL) was added to the fabric surface, followed by incubation for 16
hours. Then, 9 mL of nutrient solution was added, and the bottles were shaken for 5 minutes. A 100 pL aliquot of the resulting
solution was spread evenly on solid nutrient agar plates, which were incubated overnight. The control group consisted of
untwisted fabrics (samples 2Zn-0C-K and 3Zn-0C-K).

The antibacterial rate (R) was calculated using Equation (2):

R% =

X 100% ...... (2)

Where A is the colony count of the control (untwisted fabric, 2Zn-0C-K or 3Zn-0C-K) and B is the colony count of the test
sample.

3. RESULTS AND DISCUSSION

3.1 HAIRINESS AND SURFACE MORPHOLOGY OF NANO-ZNO YARNS WITH DIFFERENT
PLY NUMBERS AND TWIST COEFFICIENTS

Figure 2 presents the hairiness data of nano-ZnO yarns with varying ply numbers and twist coefficients. After twisting with a
rotor spinning device, the number of hairiness per unit length decreased as the twist coefficient increased. This reduction is
attributed to the enhanced inter-fiber cohesion caused by higher twist levels, which tightly bind the fibers together, resulting in
fewer and shorter protruding fiber ends.
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As shown in Figures 3(a)—(f), the surface morphology of three-ply nano-ZnO yarns varied significantly with twist level. Figure
3(a) shows the untwisted yarns, while Figures 3(b)—(f) display yarns twisted at twist coefficients of 1 to 5. With increasing rotor
speed, the number of turns per unit length clearly increased, and the amount of hairiness visibly decreased. In particular, long
hairs exceeding 3 mm were greatly reduced, leading to denser and more uniform yarns with improved overall quality[23], [24].
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Figure 2. Hairiness of nano-ZnO yarns with different ply numbers and twist coefficients.

Figure 3. Schematic illustration of three-ply nano-ZnO yarns with different twist coefficients: (a) 3Zn-0C, (b) 3Zn-1C, (c)
3Zn-2C, (d) 3Zn-3C, (e) 3Zn-4C, and (f) 3Zn-5C.

3.2 EFFECT OF PLY NUMBER AND TWIST COEFFICIENT ON THE TENSILE STRENGTH
OF NANO-ZNO KNITTED FABRICS

Figure 4 shows the tensile strength results of nano-ZnO knitted fabrics prepared from yarns with different ply numbers and twist
coefficients using a rotor twisting machine. The data indicate that twisting significantly enhanced tensile strength due to the
increased inter-fiber cohesion within the yarns. As the twist coefficient increased, the tensile strength exhibited an overall
upward trend. However, for both two-ply and three-ply yarns, a noticeable decrease in strength occurred at a twist coefficient of
4. This reduction may be attributed to over-twisting, which causes partial fiber damage or breakage, thereby lowering the
measured strength during tensile testing.
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Additionally, the data reveal that the warp direction exhibited higher tensile strength than the weft direction. This difference
arises because, under warp-direction stretching, the load is primarily borne by two loop columns per course, whereas under
weft-direction stretching, it is mainly supported by a single loop arc per wale. Consequently, the smaller number of load-
bearing yarns in the weft direction results in lower tensile strength compared with the warp direction [21], [25], [26].

200 ~
180 -
160 -
140 -
120 -
100 -
80 -
60 -
40 -
20

0 d

B Wale direction
m Course direction

Tensile strength(N)

S E E S S EE e
Q.CJ \C» WC» &3 c.)o Q,C \C’ f\,o ’50 b‘c‘ ")O

O O P g R P R P g D P

Figure 4. Tensile strength of nano-ZnO knitted fabrics with different ply numbers and twist coefficients.

3.3 EFFECT OF TWIST COEFFICIENT ON THE WATER VAPOR TRANSMISSION RATE
(WVTR) OF NANO-ZNO KNITTED FABRICS

This study examined the influence of different twist coefficients on the water vapor transmission rate (WVTR) of
nano-ZnO knitted fabrics. According to previous literature, the normal water vapor transmission rate of the human
skin ranges from 215 to 350 g/m?/day. Therefore, when the WVTR of a fabric falls below this range, moisture
condensation may occur within the fabric, leading to discomfort[27]. Factors such as fiber type, twist coefficient,

fabric thickness, and fabric structure are known to significantly affect the permeability of water vapor through textiles
[28], [29].

As shown in Figure 5, both two-ply and three-ply nano-ZnO knitted fabrics exhibited increasing WVTR with
prolonged testing time. However, a clear downward trend in WVTR was observed with increasing twist coefficient.
This phenomenon can be explained by structural compactness: fabrics made from untwisted yarns contain looser
inter-yarn spaces that facilitate rapid moisture diffusion and evaporation, resulting in higher WVTR. In contrast, as
the degree of twist increases, the fibers become more tightly packed, reducing pore size and hindering vapor
transmission. Consequently, the WVTR decreases with higher twist coefficients[30].
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Figure 5. Water vapor transmission rate (WVTR) analysis of nano-ZnO knitted fabrics with different twist

coefficients.

3.4 EFFECT OF TWIST COEFFICIENT ON THE AIR PERMEABILITY OF NANO-ZNO
KNITTED FABRICS

Figure 6 shows the air permeability of nano-ZnO knitted fabrics produced from two-ply and three-ply ZnO yarns. The overall
air permeability ranged from 195-271 cm?/cm?*’s for two-ply fabrics and 148—-194 cm?®/cm?/s for three-ply fabrics. The results
indicate that air permeability initially increased with increasing twist coefficient. This improvement can be attributed to
enhanced fiber cohesion and tighter inter-yarn winding forces as the twist level increased, which optimized the yarn packing
and allowed better air passage.

For both yarn types, the maximum air permeability was observed at a twist coefficient of 3, reaching 271 cm?*/ cm?/s for sample
27Zn-3C-K and 194 cm3/cm?/s for sample 3Zn-3C-K. Beyond this point, air permeability decreased with further increases in twist
coefficient. This decline is explained by excessive wrapping within the same unit length, which increases fabric density and
reduces porosity, thereby restricting airflow through the knitted structure [31].
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Figure 6. Air permeability analysis of nano-ZnO knitted fabrics with different twist coefficients.
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3.5 ANTIBACTERIAL EFFECT OF NANO-ZNO KNITTED FABRICS WITH DIFFERENT
TWIST COEFFICIENTS ANALYZED BY UV-VISIBLE SPECTROPHOTOMETRY

As shown in Figure 7, the optical density (OD) value of sample 2Zn-0C-K was 1.29, which decreased to 0.38 for 2Zn-5C-K.
Similarly, the OD value of 3Zn-0C-K was 1.01, dropping to 0.21 for 3Zn-5C-K. For both two-ply and three-ply nano-ZnO
knitted fabrics, the OD values exhibited a decreasing trend with increasing twist coefficient, indicating that the antibacterial
activity against Staphylococcus aureus was enhanced.

During bacterial (S. aureus) growth in nutrient solution, the microorganisms consume glucose as an energy source. Through
metabolic activity, acids are subsequently produced, and changes in these quantities can serve as indicators of bacterial growth.
After a certain incubation period, the reduction in glucose content or the increase in metabolic acids reflects the extent of bacterial
proliferation[32], [33]. However, this is only an indirect measurement, which cannot determine the total viable count precisely;
it merely provides a qualitative reference for the presence or absence of antibacterial activity.
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Figure 7. ODsoo antibacterial analysis of nano-ZnO knitted fabrics with different twist coefficients.

3.6 ANTIBACTERIAL EFFECT OF NANO-ZNO KNITTED FABRICS WITH DIFFERENT
TWIST COEFFICIENTS AGAINST STAPHYLOCOCCUS AUREUS

Figures 8 and 9 show the colony growth of S. aureus on nano-ZnO knitted fabrics made from two-ply and three-ply yarns with
different twist coefficients, respectively. Figures 8(a) and 9(a) represent the untwisted fabrics, where the bacterial colonies are
dense and abundant. As the twist coefficient increased from 1 to 5, the number of colonies gradually decreased. This result
suggests that a higher twist coefficient enhances the antibacterial effect, likely because a greater amount of nano-ZnO is
distributed and exposed per unit area of fabric, improving bacterial inhibition.

Figure 10 shows the antibacterial rates calculated using Equation (2) for both untwisted and twisted nano-ZnO knitted fabrics.
For fabrics made from two-ply yarns, the antibacterial rate increased from 33% (2Zn-1C-K) to 87% (2Zn-5C-K). For three-ply
yarns, the antibacterial rate improved from 34% (3Zn-1C-K) to 90% (3Zn-5C-K). These findings demonstrate that both
increasing the ply number and twist coefficient enhance antibacterial performance. The improvement is attributed to a higher
concentration of nano-ZnO on the fabric surface within the same area, which strengthens the antimicrobial activity.

The antibacterial activity of nano-ZnO against S. aureus can be explained by its physicochemical interactions and photocatalytic
effects. S. aureus is a Gram-positive bacterium with a phospholipid-based inner lipid layer carrying a negatively charged surface,
primarily due to carboxyl (—COOH) and other functional groups on its cell wall and membrane. When ZnO nanoparticles (ZnO
NPs) come into contact with the bacterial surface, Zn?* ions released from the particles are electrostatically attracted to the cell
wall, causing initial membrane damage. The Zn?*' ions further interfere with peptidoglycan cross-linking and biosynthesis,
weakening the structural integrity of the cell wall and inhibiting cell proliferation. Once the membrane is compromised, Zn**
ions penetrate the cell and bind to intracellular proteins and nucleic acids via coordination with thiol (—SH) and amino (-NHz)
groups, leading to protein denaturation, enzyme deactivation, and leakage of intracellular contents.
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In addition, several studies have reported that under visible light irradiation, ZnO nanoparticles exhibit photocatalytic activity,

generating electron—hole pairs (e /h*). These charged species react with water and oxygen to form highly reactive reactive

oxygen species (ROS), such as hydroxyl radicals (*OH) and superoxide anions (O2"). The ROS attack bacterial membranes,

proteins, and DNA, inducing oxidative stress that disrupts normal cellular metabolism, growth, and reproduction processes [34],
[35], [36], [37], [38].

Figure 8. Photographs of S. aureus colonies on two-ply nano-ZnO knitted fabrics with different twist coefficients: (a) 2Zn-0C-
K, (b) 2Zn-1C-K, (c) 2Zn-2C-K, (d) 2Zn-3C-K, (e) 2Zn-4C-K, and (f) 2Zn-5C-K.

Figure 9. Photographs of S. aureus colonies on three-ply nano-ZnO knitted fabrics with different twist coefficients: (a) 3Zn-
0C-K, (b) 3Zn-1C-K, (c¢) 3Zn-2C-K, (d) 3Zn-3C-K, (e) 3Zn-4C-K, and (f) 3Zn-5C-K.
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Figure 10. Antibacterial rates of nano-ZnO knitted fabrics with different twist coefficients.
4. CONCLUSION

In this study, twelve nano-ZnO knitted fabrics with different combinations of twist coefficients were successfully developed
using a rotor twisting technique. The mechanical and biological performances of these fabrics were systematically evaluated.
The results demonstrated that the twist coefficient is a critical processing parameter influencing both mechanical properties and
antibacterial effectiveness.

From a mechanical perspective, increasing the twist coefficient reduced fiber hairiness, enhanced yarn integrity, and improved
fabric compactness. The knitted fabrics 2Zn-3C-K and 3Zn-3C-K exhibited the highest tensile strength and air permeability at
a twist coefficient of 3. However, when the twist coefficient exceeded 4, tensile strength decreased due to over-twisting and
partial fiber breakage.

From a biological perspective, both ODsoo and colony count analyses against Staphylococcus aureus revealed that antibacterial
performance improved with increasing twist coefficient. This enhancement may result from a more uniform distribution of nano-
ZnO and a larger effective contact area with bacterial cells, promoting the generation of reactive oxygen species (ROS) and Zn?*
ion release. The sample 3Zn-5C-K achieved an antibacterial rate of 90%, confirming that physical encapsulation of nano-ZnO
effectively strengthens bactericidal efficiency.

Overall, the samples 2Zn-3C-K and 3Zn-3C-K (twist coefficient 3) demonstrated optimal balance between mechanical strength
and comfort, while 2Zn-5C-K and 3Zn-5C-K (twist coefficient 5) exhibited maximum antibacterial efficacy. Considering cost-
effectiveness and process stability, the two-ply nano-ZnO yarn twisted at 15,000 rpm (sample 2Zn-5C-K) represents the most
balanced and practical configuration, suitable for medical protective textiles and smart functional applications.
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