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Abstract:

To develop antibacterial durability and low yellowing of sports underwear fabric, silver ion polyurethane filaments
(Ag*" PUFs) were used as base yarn, and polyamide filaments were used as face yarn. Nine fabric samples with
different Ag* PUF contents (7, 8, 9, 17, 18, and 19%) were prepared. The fabrics were dyed in light, medium, and
dark pink. Ag* PUF was characterized by scanning electron microscopes for the morphology. Antibacterial proper-
ties and mechanical properties of Ag© PUF were measured. The antibacterial durability, yellowing, elastic recovery,
air, and moisture permeability were tested, and fuzzy mathematics was used for comprehensive evaluation. The
results demonstrated that Ag* PUF has good antibacterial properties and mechanical properties. The inhibition rates
of the fabric against Escherichia coli and Staphylococcus aureus were 100%. When Ag* PUF content was 18 and
19%, the antibacterial rates of medium pink fabrics both E. coli and S. aureus were 100% after laundering 30 times.
The yellowing of the fabric before dyeing was the lowest when Ag* PUF content was 7%. Compared with before
dyeing, the yellowing of the fabric decreased by 19.13 % after dyeing. The comprehensive performance of 3# fabric

is the best, and it has antibacterial persistence and low yellowing.
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1. Introduction

People’s demand for the antibacterial comfort of sports under-
wear is increasing not only because fabrics can provide an ideal
microenvironment for the growth of microorganisms by providing
sufficient moisture, nutrients, and oxygen, but also when sports
produce high-temperature, wet, and closed conditions and pro-
mote bacterial reproduction [1,2]. Bacteria can attach to sports
underwear, causing permanent changes to the fabric. These
changes include a decrease in tensile strength and elasticity,
and alterations in appearance [3]. Furthermore, sports under-
wear with bacteria and long-term contact with the body can be
harmful to health [4]. In addition, some sports underwear fabrics
are made from polyamide filament (PAF) and polyurethane fila-
ment (PUF), which is another serious problem as it causes yel-
lowing in the finished fabric [5]. Therefore, it is urgent to develop
sports underwear fabrics by PAF/PUF with excellent antibac-
terial durability and low yellowing.

To meet the antimicrobial requirements of sports underwear,
antibacterial polyurethane filaments (APUFs) [6-8] are used.
Sheikh et al. [9] synthesized APUF containing silver nanopar-
ticles by electrospinning, and antimicrobial tests indicated that
the prepared fibers had a high bactericidal effect against
Escherichia coli. However, the preparation process of silver
nanoparticles is complicated and the reaction device is expen-
sive. The cost of electrospinning is high, and it is difficult to
achieve large-scale production [10,11].

Silver ion polyurethane filaments (Ag® PUFs) by dry spinning
using silver ions and polyurethane solution can solve the afore-
mentioned problems. Compared with nano-silver, the prepara-
tion of silver ion (Ag®) is more convenient, and the current
factory production of PUF is still a dry method, the antimicrobial
agent containing Ag” and polyurethane solution mixed with dry
spinning, easy to operate, and can be achieved in large-scale
production and reduce costs. Moreover, Ag* has dynamic inhi-
bitory and bactericidal effects against a broad spectrum of
Gram-positive and Gram-negative bacteria. The antibacterial
mechanism is that the cell wall of the microorganism is infil-
trated, the deoxyribonucleic acid is converted into a condensed
form, and the sulfhydryl group of the protein is bound by silver
ions, resulting in damage and death of the bacteria [12—15].
Hence, Ag” is widely used in textiles. Ag” is fixed on the fabric
by coating [16], pad dry curing [17], chemical grafting [18], and
other methods. Experimental experiments show that its anti-
bacterial effect is very good but there is a problem of poor
durability. Sun et al. [19] prepared polylactic acid porous fibers
containing Ag*, and Wang et al. [20] coordinated Ag* to poly-
acrylonitrile. Both fibers exhibited excellent antibacterial prop-
erties. However, there are very few reports on Ag” PUF, and
the only studies on silver-ion antimicrobial fibers are more
focused on its preparation and properties, with very little
research on the properties of their knitted fabric. Also, Ag*
PUF is knitted with other yarns, especially PAF, which easily
produces fabric yellowing after storing for some time. In addi-
tion to being easily oxidized by reactive groups such as amino
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groups (—-NH2) and amide groups (—CONH-) in the molecular
chain of PAF and Ag” PUF, Ag+ is highly susceptible to oxida-
tion and yellowing when exposed to air. This is also a major
reason for this [5]. Nevertheless, research on PAF/Ag” PUF
fabric in improving yellowing is less reported.

In this study, Ag” PUF and PAF were designed to prepare var-
ious fabric samples with different parameters that affect the prop-
erties. According to the common form of knitted fabrics used for
sports underwear, the different Ag"™ PUF content of fabric was
divided into three structures with 22.2 dtex and 44.4 dtex Ag*
PUF. The fabrics were dyed in three colors. Nine pieces of fabric
were obtained by using the orthogonal design of experiments.
The antibacterial effect as well as yellowing of the fabric was
measured. Meanwhile, elastic recovery, air permeability, and
moisture absorption of the fabric were characterized. Fuzzy
mathematics was used for comprehensive evaluation.

2. Experimental
2.1. Materials
22.2 dtex and 44.4 dtex of Ag® PUF and PUF were supplied

from Lianyungang LDZ New Aoshen Spandex Co., Ltd., China.
77.8 dtex PAF was purchased from the market.

Table 1. Test factor levels

Level Factor
Linear density Structure Color
of Ag* PUF
1 22.2 dtex Plain weft Light pink
2 44 4 dtex 3+ 1mockrib | Medium pink
3 — 2 + 2 mesh Deep pink

2.2. Experimental design

The main factors affecting the antibacterial and yellowing effect
of fabrics include yarn thickness, fabric structure, and dyeing
degree. The single-factor experiment was carried out on the
fabric preparation process, the test factor levels are shown in
Table 1, and the orthogonal test design table after transforma-
tion is shown in Table 2.

2.3. Fabric preparation

The fabric is made of PAF for the plating yarn and Ag* PUF for
the ground yarn. A seamless knitting machine (SM8-TOP2
MP2, Santoni, Italy) was used to produce all seamless fabrics.
The cylinder diameter of the machine is 15 inches with 1,344
needles and a gauge of 28 (28 needles per inch). Two types of
yarn feeders and eight yarn feeders each were anchored to the
machine. The basic information on the fabric samples is given
in tabular form in Table 3. Samples 1#-9# are plated stitches.
The stitch structures of the fabric samples are shown in Figure 1
[21]. Figure 1(a) shows face yarn, in which PAF is used;
Figure 1(b) shows base yarn, in which Ag* PUF is used. As
shown in Figure 1(b), as the partial yarn does not form a circle,
the formation of floating line shrinkage leads to a mock rib
effect. As shown in Figure 1(c), because the face yarn does
not form a circle to form a floating line, the base yarn normally
forms a circle, but the Ag* PUF is too fine, so the mesh effect is
formed. Figure 2 shows the notation of three stitch structures.

The grey fabrics are first washed in water at 98°C for 20 min for
the first shaping, then placed in a tumble dryer at 50°C for
30 min for drying, and finally, ironed.

2.4. Fabric dyeing

The fabrics were dyed with acid dye, which was divided into two
steps: cleaning and dyeing. The auxiliary agent required for
cleaning is 2 g/L sodium carbonate and 1 mg/L high-efficiency
refining agent; the dyeing formula is 10% acetic acid 10 mL/L

Table 2. Orthogonal test design table after transformation

Sample No. Linear density of Ag* PUF/dtex Structure Color
1# 22.2 3 + 1 mock rib Light pink
2# 44 .4 3 + 1 mock rib Medium pink
3# 44 .4 2 + 2 mesh Light pink
4# 22.2 2 + 2 mesh Medium pink
5# 22.2 Plain weft Deep pink
6# 44 4 Plain weft Light pink
T# 44 .4 3 + 1 mock rib Deep pink
8# 22.2 2 + 2 mesh Deep pink
o# 44.4 Plain weft Medium pink
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Table 3. Basic information of fabric samples

Sample no. Courses Wales Areal density | Thickness (mm) | Porosity (%) Ag® PUF
per inch per inch (g/m?) content (%)
1# 66 109 334 1.76 86.45 9.0
2# 74 125 344 1.90 88.75 19.1
3# 56 109 200 1.25 80.78 17.2
4# 55 97 195 1.20 78.39 7.1
5# 48 99 222 1.21 82.13 7.9
6# 48 107 252 1.27 84.63 19.1
T# 73 124 345 1.91 88.86 18.3
8# 55 96 196 1.20 78.44 7.1
o# 47 106 253 1.28 84.87 18.3
‘ ‘0.1
(a) (b) (c)
Figure 1. Stitch structures: (a) plain weft, (b) 3 + 1 mock rib, and (c) 2 + 2 mesh.
Knit

(@) (b)

(c)

Figure 2. Notation of three stitch structures: (a) plain weft, (b) 3 + 1 mock rib, and (c) 2 + 2 mesh.

and acid red dye. Light pink is 0.05g. Medium pink is 0.15g.
Deep pink is 0.5 g. The dyeing flow chart is shown in Figure 3.

2.5. Characterization tests

2.5.1. Yarn properties

2.5.1.1. Scanning electron microscope (SEM) of PUF and Ag™ PUF
PUF and Ag* PUF 22.2 dtex and 44.4 dtex were cleaned by the
ultrasonic wave and dried in the oven, then cut into small strips,
and fixed on the sample table. After gold spraying, the surface
morphology of them was observed by SEM (Hitachi High-
Technologies Corp., Tokyo, Japan).

http://www.autexrj.com/

2.5.1.2. Mechanical properties of Ag* PUF and PUF

The mechanical properties of Ag* PUF and PUF were investi-
gated according to the standard FZ/T 50006-2013 “Test method
for the tenacity of spandex filament yarns” using a universal
tensile tester (E43, MTS, China). The sample length was
50 mm. The tensile speed was 500 mm/min and the preload
was 0.3 cN. Each sample was re-tested ten times and averaged.

2.5.1.3. Antibacterial properties of Ag* PUF
The antibacterial methods in the study of Jiang et al. [22] were

used to test the Ag™ PUF for E. coli and Staphylococcus aureus.
For each sample, three blank, three control, and three
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98°C X 15min

20°C into the fabric,
Bath ratio 1:5

Figure 3. Fabric dyeing process flow chart.

experimental samples were set up in the experiment, and
experimental results were averaged.

2.5.2. Fabric properties

2.5.2.1. Antibacterial properties of fabric with Ag* PUF

The antibacterial effect of fabric was measured according to
GB/T 20944.3-2008, and S. aureus was evaluated, respec-
tively. For each sample, three blank, three control, and three
experimental samples were included in the experiment. The
experimental results were averaged.

2.5.2.2. Yellowing properties of fabric with Ag* PUF

The degree of yellowing of the fabric was characterized by the
whiteness value. The whiteness of the fabric was tested with a
color measuring and matching instrument (Datacolor 650,
Datacolor, America). A small aperture was selected, the fabric
was folded twice (four layers), then, its whiteness was tested,
and the E313 value was read. The smaller the value, the
greater the yellowing degree. Each sample was re-tested
five times and averaged.

20°C , bath ratio 1:

98°C X 30min

Wash 3 times
Drying

2.5.2.3. Elastic recovery of fabric with Ag* PUF

The elastic recovery of the fabric was tested according to FZ/T
70006-2004 “Stretch and recovery testing method for knitted
fabrics” using the constant rate of extension method on an
electronic tensile tester (YG028, Ningfang Instrument, China).
Each sample was measured three times, and the results were
averaged.

2.5.2.4. Air permeability of fabric with Ag* PUF

The air permeability of the fabric was determined using a digital
fabric permeability tester (YG461E-Ill, Ningfang Instrument,
China) in accordance with GB/T5453-1997 “Determination of
the permeability of fabrics to air.” Each sample was measured
three times, and the results were averaged.

2.5.2.5. Moisture penetrability of fabric with Ag™ PUF

The machine used to test moisture penetrability was the
YG601H 46 by Ningfang Instrument in China. The test was con-
ducted according to the GB/T 12704-1991 standard, which
employs the Moisture Cup Method for measuring fabric moisture

Figure 4. Morphology of the Ag* PUF and PU. (a) 22.2 dtex Ag” PUF x 700; (b) 22.2 dtex PUF x 700; (c) 44.4 dtex Ag* PUF x 500; and (d) 44.4 dtex

PUF x 500.
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Table 4. Breaking strength and elongation at break

Liner density Breaking strength (CN) CV% Breaking elongation (%) CV%
PUF22.2 27.30 3.68 49.70 19.26
Ag’ PUF 22.2 26.70 5.17 56.15 22.62
PUF44.4 61.50 7.44 104.96 12.55
Ag’ PUF 44.4 58.50 9.46 112.90 15.79

permeability. Each sample was measured three times and the
results were averaged.

3. Results and discussion

3.1. Yarn properties

3.1.1. SEM analyses of PUF and Ag* PUF

As can be seen from Figure 4(b) and (d), the surface of PUF is
smooth, while the surface of Ag* PUF has fine particles, and the
surface of Ag™ PUF is smooth as a whole without separation
phenomenon, indicating that the combination of silver ion antibac-
terial agent and Ag* PUF is good, as shown in Figure 4(a) and (c).

3.1.2. Mechanical analyses of PUF and Ag* PUF

The experimental results of PUF and Ag* PUF are shown in
Table 4. It can be seen that the breaking strength and elonga-
tion at the break of PUF and Ag" PUF with the same liner
density are very close, indicating that the antibacterial agent
added has very little influence on the tensile property.

3.1.3. Antibacterial analyses of Ag* PUF

A typical antibacterial picture is shown in Figure 5. PUF without
the Ag* antimicrobial agent has no effect on E. coli and

S. aureus. However, as shown by the dramatic reduction in
the number of surviving colonies after incubation, Ag* PUF
has excellent antimicrobial properties. This indicates that Ag*
is effective against E. coli and S. aureus [12—15].

3.2. Fabric properties

3.2.1. Antibacterial analyses of fabric with Ag* PUF

Figure 6 contains the antibacterial efficiency of nine kinds of
fabrics against E. coli and S. aureus, which could reach 100%.
No bacterial strain appeared in the test petri dish, indicating that
the Ag* PUF in the fabric contained sufficient antibacterial
agents, showing excellent antibacterial properties. The effec-
tiveness of silver ions against E. coli and S. aureus has been
demonstrated [12—-15].

The antibacterial effects of the fabrics after washing 30 times
are shown in Figure 7. It can be seen that the antibacterial
effects of the fabrics with 44.4 dtex Ag™ PUF are better than
those of the fabrics with 22.2 dtex Ag* PUF.

Table 5 is the orthogonal result of the antibacterial effect. The
analysis shows that the linear density of Ag® PUF has the
greatest influence on the knitted fabric of the sample. The anti-
bacterial rate of fabrics with 44.4 dtex Ag* PUF is 18.8% higher
than that of fabrics with 22.2 dtex Ag™ PUF. This is because
44 .4 dtex Ag” PUF is thicker than 22.2 dtex Ag™ PUF, which

Figure 5. Antibacterial properties of Ag* PUF against E. coliand S. aureus: (a) E. coli: ag: control; a;: 22.2 dtex Ag* PUF; and a,: 44.4 dtex Ag* PUF.
(b) S. aureus: by: control sample; bq: 22.2 dtex Ag* PUF; and b,: 44.4 dtex Ag* PUF.

http://www.autexrj.com/
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(b)

Figure 6. Antibacterial properties of fabrics against E. coliand S. aureus: (a) E. coli : ag: control sample and a;—ag: sample 1#-9#. (b) S. aureus: bg:

control sample and b1—bg: sample 1#-9%.

contains more Ag® antibacterial agents. The second is the
effect of color on the antibacterial permeability of the sample
knitted fabric. The antibacterial permeability of sample 4# is
5.9% higher than that of sample 2#. The deepening of the
dyeing degree made more dye molecules attached to the fabric
surface, which may also be the reason for limiting the role of
Ag”. The tissue structure was the least affected, and the anti-
bacterial effect of the 3 + 1 mock rib tissue was better, followed
by the plain weft tissue, and the 2 + 2 mesh tissue was the
worst.

3.2.2. Yellowing analyses of fabric with Ag* PUF

Figure 8 displays the yellowing physical picture of fabric before
dyeing. Compared with ag, the yellowing of a;—ag fabrics is
visible to the naked eye. The addition of Ag* accelerates the
yellowing of the fabric through an oxidation reaction. To be
more objective, the yellowing performance of the fabric was

http://www.autexrj.com/

tested. Figure 9 contains the yellowing permeability of nine
fabric samples before and after dyeing. It can be seen that
the whiteness value of fabric before dyeing is 71.45-79.33,
while the whiteness value of fabric after dyeing is 85.59-92.59,
and the average increase is 14.33.

The range analysis of the yellowing performance of nine fabrics
was carried out, and the influence of each factor on the yel-
lowing performance of the fabric was obtained. As shown in
Table 6, the linear density of Ag® PUF has the greatest influ-
ence on the yellowing performance of the knitted fabric of the
sample. The whiteness value of the 22.2 dtex Ag* PUF sample
is 7.88 higher than that of the 44.4dtex Ag® PUF fabric.
Second, color has a great influence on the sample’s yellowing.
Deep pink has the best whiteness value, 7.01 and 3.27 higher
than light and medium pink. The main reason for this is that the
fabric is washed to remove partial yellow stains before dyeing,
and the more dye molecules are attached to the PAF, the more
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(b)

Figure 7. Antibacterial effects of fabrics after washing: (a) E. coli: ag: control sample and a;—ag: sample 1#-9#. (b) S. aureus: by: control sample and
b1—bg: sample 1#-9#.

it discolors as the level of dyeing deepens [23]. Fabrics are pre-

Table 5. Antibacterial performance orthogonal results ) . .
vented from turning yellow. The least influence on the yellowing

Samtp:le Factors performance of the fabric is the structure. Among them, the yel-
number A: linear B: structure | C: color lowing of the 2 + 2 mesh is the lowest, which may be due to the 2 +
density of 2 mesh being loose, not as tight as the plain weft, and 3 + 1 mock
Ag* PUF rib, PAF, and Ag” PUF contact is not close enough to cause.
K1 347.90 283.60 295.90
3.2.3. Elastic recovery analyses of fabric with Ag* PUF
K2 497.10 296.70 285.20
K3 — 264.70 263.90 The elastic recovery results of the fabric are shown in Table 7. It
can be seen that the elastic recovery of the fabric is between
k1 115.97 94.53 98.63

67.93 and 85.11%. Overall, the weft elastic recovery rate of the
k2 165.70 98.90 95.07 fabric is slightly greater than that of the wrap, which may be
because the yarn feeding direction of the machine in the

k3 — 88.23 87.97 . . L .
weaving process of the weft-knitted fabric is horizontal, and
Optimal level A2 B2 C1 the fabric is easy to transfer during the weft stress process,
Range 4973 6.30 10.66 so it is greater than the wrap [21].
Primary and A>C>B The orthogonal analysis results of the elastic recovery are
secondary order

shown in Table 8. The linear density of Ag® PUF has the

http://www.autexrj.com/ 7
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Figure 8. The yellowing physical picture of fabric before dyeing: ag: control sample and a,—ag: sample 1#-9#.
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Figure 9. Yellowing performance of fabrics before and after dyeing.

greatest influence on the elastic recovery of the sample. The
elastic recovery of the 44.4 dtex Ag® PUF sample is 10.49%
higher than that of the 22.2 dtex Ag"™ PUF fabric. Ag* PUF
belongs to elastic fiber and its elastic recovery increases with
the increase of content. Second, the structure has a great influ-
ence on the elastic recovery of the sample. Among them, the
elastic recovery of the 3 + 1 mock rib structure is the best, which
is 8.65 and 12.04% higher than that of the plain weft structure
and the 2 + 2 mesh structure. This is because 3 + 1 mock rib
structure of the fabric makes the coil shrink due to the existence
of floating wire, and the fabric is tight and thick. The least influ-
ence on the elastic recovery of the fabric is the color.

3.2.4. Air and moisture permeability analyses of fabric with
Ag* PUF

It can be seen from Figure 10 that the air and moisture perme-
ability of fabrics 3#, 4#, and 8# is larger than other fabrics.

http://www.autexrj.com/

Table 6. Yellowing performance orthogonal results

Sample Factors
number A: linear B: structure | C: color
density of
Ag* PUF
K1 447.24 267.52 261.11
K2 355.16 264.17 268.56
K3 — 270.71 272.73
k1 149.08 89.17 87.04
k2 118.39 88.06 89.52
k3 — 90.24 90.91
Optimal level A1 B3 C3
Range 30.69 2.18 3.06
Primary and A>C>B
secondary order

To further analyze the influencing factors of the air and moisture
permeability of the fabric, the range analysis of the air and
moisture permeability is carried out. The orthogonal results
are shown in Tables 9 and 10. The structure has the greatest
influence on the air and moisture permeability of the sample
fabric. Among them, the air and moisture permeability of the 2 +
2 mesh structure is the largest, which is 176.16 and 118.16 mm/s,
108.83 and 82.97 g/(m? h) higher than that of the 3 + 1 mock
rib and plain weft structure in air and moisture permeability,
respectively. Because the 2 + 2 mesh structure is loose, it is
relatively thin. Higher porosity is contained in the 2 + 2 mesh
structure of the fabric. The linear density of Ag® PUF has the
greatest influence on the air and moisture permeability of the
sample. The air and moisture permeability of the 22.2 dtex Ag*
PUF sample fabric is the best, and the 44.4 dtex Ag® PUF
sample fabric is relatively low. The influence of color on the
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Table 7. Elastic recovery of fabric samples

Sample Elastic recovery (%)
Weft Standard deviation Wrap Standard deviation
1# 75.34 0.7 71.18 0.3
2# 85.11 2.8 80.79 1.4
3# 78.91 0.5 72.12 0.8
43 75.49 1.3 68.23 2.7
5# 76.35 0.4 70.52 3.5
6# 83.39 2.5 80.26 1.6
T# 85.00 3.4 81.26 21
8# 74.62 0.9 67.93 0.6
o# 83.25 1.0 80.28 0.9
. air and moisture permeability of the sample fabric is the least
Table 8. Elastic recovery orthogonal results R
significant.
Sample Factors
number A: linear | B: structure | C: color 3.3. Fuzzy mathematics comprehensive evaluation
density of
Ag’ PUF Given the different linear densities of Ag* PUF, structure, and
KA1 301.80 242.99 237 64 color of nlne.sports unqerwear fabrics, the fuzzy mathematics
comprehensive evaluation method can be used to evaluate the
K2 415.66 245.45 243.85 comprehensive performance of each fabric, select the optimal
K3 _ 22902 235.97 process parameters, and pave the way for the subsequent
development of antibacterial durability and low yellowing seam-
k1 100.60 81.00 79.21 less sports underwear. The fabric performance factor set is
k2 138.55 81.82 81.28 established U, U = { U1, U2, U3, U4, U5 }, where U1 is the
antibacterial durability, U2 is the yellowing permeability, U3 is
k3 — 76.34 78.66 the elastic recovery rate, U4 is the air permeability, and U5 is
Optimal level A2 B2 C2 the moisture permeability. The performance test values of the
Range 38.55 548 262 sample fabric are shown in Table 11.
Primary and A>B>C Standardize the different performance indicators of the fabric.
secondary order For the above performance, the larger the test value, the better
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Figure 10. Air and moisture penetrability of fabrics: (a) air penetrability and (b) moisture penetrability.
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Table 9. Air penetrability orthogonal results

R’J = (ljlj - Umin)/(Umax - Umin)-

(1)

Sample Factors Calculate the fuzzy matrix R:
number A: linear B: structure | C: color _ ;
density of 0.10 0.05 0.01 0.35 0.60
Ag* PUF 0.11 0.07 0.04 0.29 0.53
0.11 0.06 0.02 0.88 0.95
K1 1018.41 629.31 678.46 0.05 0.07 0 092 1
K2 1011.19 46057 674.53 R=10.05 0.07 0.01 0.54 0.68]. (2)
0.11 0.07 0.04 0.51 0.72
K3 — 939.72 676.61 0.10 0.07 0.04 0.28 0.52
k1 339.47 209.77 226.15 0.03 007 0 090 097
| 0.10 0.07 0.04 0.49 0.69 |
k2 337.06 153.52 224.84 . )
According to the previous research on the related aspects of
k3 — 313.24 225.54 antibacterial comfort fabrics and combined with the opinions of
Optimal level A1 B3 c2 experts in this field, the subjective weighting method is adopted,
and the weight distribution of each factor is as follows: A = {0.30,
Range 2.41 159.72 1.31 0.30, 0.10, 0.15, 0.15}. According to formula (3), the evaluation
Primary and B>A>C vector B of this article is calculated, as shown in matrix (4).
secondary order
B=RxA= (b, ba, b3, ..., bp), (3)
[0.10 0.05 0.01 0.35 0.60]
Table 10. Moisture penetrability orthogonal results 0.11 0.07 0.04 0.29 0.53
0.11 0.06 0.02 0.88 0.95 0.30
Sample Factors 0.05 0.07 0 0.92 1 0.30
number A: linear | B: structure | C: color B=AxR=1005 0.07 0.01 0.54 0.68x0.10
density of 0.11 0.07 0.04 0.51 0.72 0.15
+ 0.10 0.07 0.04 0.28 0.52 0.15
Ag” PUF
0.03 0.07 0 0.90 0.97
K1 1158.50 776.10 817.20 [0.10 0.07 0.04 0.49 0.69 ]
K2 1267.02 655.41 811.63 [0.189 ] 4)
K3 — 994.02 796.69 0.181
0.328
k1 386.17 258.70 272.40 0324
k2 422.34 218.47 270.54 =10.188 .
k3 — 322.34 265.56 0.243
Optimal level A2 B2 Cc2 0.178
0.311
Range 36.17 112.87 1.86 0.235
Primary and B>A>C According to the comprehensive evaluation results, the order of
secondary order thermal-wet comfort and elastic recovery of nine seamless
Table 11. Performance test results
Sample Antibacterial Yellowing Elastic Air permeability Moisture
number durability permeability recovery permeability
1# 97.50 85.61 73.26 165.64 231.45
2# 100.00 89.32 82.95 149.48 214.03
3# 98.40 85.59 75.52 303.81 321.39
4# 85.70 89.41 71.86 321.61 340.29
5# 84.10 90.97 73.44 216.86 254.43
6# 100.00 89.91 81.83 209.01 264.36
T# 99.20 92.59 83.13 145.45 209.93
8# 80.60 89.17 71.28 314.30 332.33
o 99.50 89.83 81.77 203.44 257.31
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sports underwear fabrics is 3# > 4# > 8# > 6# > 9# > 1# > 5# >
2# > T#. Among them, the evaluation value of 3# is the largest,
indicating that the comprehensive performance of the light pink
fabric with 2 + 2 mesh structure knitted with 44.4 dtex Ag* PUF
is the best.

4. Conclusion

In this work, Ag® PUF was knitted with PAF into nine fabric
samples prepared with different Ag* PUF contents (7, 8, 9,
17, 18, and 19%) . After a series of tests and characterization,
the conclusions are as follows: the antibacterial rates of Ag*
PUF against E. coli and S. aureus were 100%, both of which
reached the antibacterial standard. The Ag® PUF has good
mechanical properties, which can be used to prepare under-
wear fabrics; the nine kinds of fabrics have excellent antibac-
terial properties before washing. When Ag* PUF content was
18 and 19%, the antibacterial rates of medium pink fabrics of
both E. coliand S. aureus were 100% after laundering 30 times.
The antibacterial rate of the other six fabrics was the lowest at
80%, which met the antibacterial standard. The yellowing of the
fabric before dyeing was the lowest when Ag* PUF content was
7%. Compared with before dyeing, the yellowing of the fabric
decreased by 19.13% after dyeing. Fabrics with 7 and 17% Ag*
PUF contents have the best air and moisture permeability,
which has a lot to play with the high porosity of the 2 + 2
mesh. The comprehensive performance of 3# fabric is the
best, and it has antibacterial persistence and low yellowing.

Ag® PUF is a functional fiber based on antimicrobial silver ions.
Most knitted products for sports underwear contain 5-20%
PUF. Currently, there are few studies on the development of
knitted products using APUF. In this study, Ag* PUF was used
to develop seamless sports underwear fabrics, which provides
a reference for the development of antimicrobial functional pro-
ducts. However, the study of yellowing in this article was only to
observe whether the severe yellowing caused by the addition of
silver ions would affect the appearance of the dyed fabrics. To
analyze the mechanism of yellowing of fabrics, further studies
are expected to control whiteness degradation. Due to the
instability of silver ions, research on PUF containing other anti-
microbial agents without silver ions will be added to future
research.
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