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ABSTRACT

This study aims to classify and analyze the body shapes of Viethamese women aged 18 to 50 using 3D
anthropometric data. Research data was collected from 480 females across three regions: North, Central,
and South. The five body types result from data analysis involving principal component analysis, K-means
cluster analysis, numerical discriminant analysis, ANOVA test, and T-test comparison using SPSS software.
Group 1, accounting for 15.23 %, represents the “short, thin, small-shouldered” body type with medium hip
height and a bust-waist ratio higher than the hip-waist ratio. Group 2, accounting for 18.36 %, can be
described as the “tall, slightly fat and large-shoulders” body type, characterized by high stature and hip
height, with a bust-waist ratio smaller than the hip-waist ratio. Group 3, accounting for 35.94 %, falls under
the category of the "Medium body type", with an average height stature and a fit body, and a bust-waist ratio
equal to the waist-to-hip ratio. Group 4, representing 21.88 %, has a low hip height, a bust-waist ratio higher
than the hip-waist ratio, and can be called the “short, fat, medium-shoulder” body type. Finally, group 5,
which comprises 8.59 %, embodies the “too fat, average height, big shoulders” body type, featuring low hip
height, and a bust - waist ratio higher than the hip-waist ratio. The method of body classification in this study
is scientifically sound and reliable. The new research results can serve as a reference for the garment

industry while contributing to the goal of building a virtual model library within 3D design software.

KEYWORDS

Analysis, classify, body shape, women, working age, Vietnamese.

INTRODUCTION

In today’s rapidly evolving society, market
competition has intensified, and new technologies
continue to emerge, influencing various aspects of
our social life. In the face of opportunities presented
by the fourth Industrial Revolution and the challenges
posted by the COVID-19 pandemic to the fashion
industry, 3D technology has not only adapted but has
also become stronger than ever before [1, 2]. As of
today, 3D technology has covered all areas of
society, offering growth opportunities for creativity,
particularly in the fashion industry [3-5]. Additionally,
3D anthropometric data play a significant role in this
ongoing development [6-8].

Furthermore, research into anthropometry serves as
an important foundation for determining the precise
details of costume design and body characteristics,
which, in turn, profoundly influence the creation of

basic blocks [9,10]. It is essential to recognize that the
human body's proportions do not follow a completely
regular pattern as they evolve [11]. In fact, each
geographical area has a different body shape, making
body classification a significant consideration when
tailoring garments to suit the specific needs and
preferences of each locale, ultimately leading to cost
savings, and ensuring a perfect fit during garment
production [12]. According to the general laws of
biology, every 10-15 years, changes in living
conditions lead to alterations in size and physical
strength of residents [13]. Therefore, research into
shape characteristics and body classification should
be regularly updated to accommodate these
variations of anthropometry over time [14]. Thus, the
study of 3D-supported body shape analysis remains
extremely necessary in the present context,
especially for women of working age [15].

* Corresponding author: Tran T.M.K., e-mail: kieu.tranthiminh@hust.edu.vn
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In Vietham, there have been many researches
focused on classifying female body shape, typically
[16,17]. In the study [16], author categorized
Viethamese female students into 2 distinct body
shape groups: Shape 1 characterized by a small
waist, wide hips, a protruding belly, warped buttocks,
straight legs, and short, small thighs; and Shape 2,
characterized by a larger waist, small hips, a flat
stomach, low hips, slightly curved long legs, and
larger thighs. Meanwhile, the study titled "Study on
Terms of Adjusting the Design of Vietnamese
Women's Juniors According to Body Diversity using
V-Stitcher 3-Dimensional Clothing Design Software"
[9] identified seven body shapes: Triangle 1, Spoon
shape, Hourglass Bottom 1, Rectangle 1, Rectangle
2, Hourglass Bottom 2, Triangle 2. Moreover, another
study [11] conducted in 2012 on the same topic,
classified Viethamese women's physique into three
groups: Group 1 includes short and slender women
with small body lengths, thin bodies, narrow
shoulders, a narrow chest circumference, and a large
waist; Group 2 comprised taller, obese women with
prominent bellies, broad shoulders, wide hips, and
smaller busts; and Group 3 includes shorter women
with thick, curvier bodies, large bust, medium
shoulders, and narrow hips. The proportions of the
human body were also analyzed specifically in the
study [18] of Bunka University - Japan. In this study,
the authors mentioned the ratio of head-to-body
height with a standard ratio of 7.1, hip height ratio and
the relationship between width, thickness, and height
of the body. However, the proportions of the
Viethamese female human body have not been
published.

The research in this article focuses on classifying the
body shape of Viethamese women between the age
of from 18 and 55 who are of working age. This
analysis aims to discern the distinct characteristics of
body shapes and proportions, contributing to the
development of a virtual model library in 3D design
software within the context of the Fourth Industrial
Revolution.

RESEARCH CONTENT, SUBJECTS AND
METHODOLOGY

Subjects

The subjects of this study consist of women between
the age of 18 and 55, classified as workers, students,
civil servants, residing in the two major cities of Hanoi
and Ho Chi Minh City. These participants are of Kinh
ethnicity, exhibit normal body shapes and overall
good health, and do not have any bodily deformities.
The subjects working in these two metropolitan areas
represent diverse regions across Vietnam, thus
ensuring that the study’s measurements encompass

the entire Northern, Central, and Southern regions of
the country.

The sample size was determined by the formula:

(t SD)?  (1.96 5.5)2
"TETmE T 052

where: n is the minimum sample size; probability p =
0.95 corresponding to standard error t = 1.96; mis the
required accuracy of the dimensions (m =0.5 cm); SD
is the standard deviation of the height size of
Vietnamese women (SD =5.5 cm) [16, 19]. Thus, the
minimum sample size is 465 (sample). However, in
fact, the study measured 480 (sample) for
measurement errors precautions in the study.

Body measurements: The  selected body
measurements are the circumference, length, width,
height, and body depth dimensions which are used to
set avatar parameters in CLO3D software and
establish typical sizes for classifying female body
types. These dimensions in CLO3D correspond to the
definition of anthropometric measurements from
International Standard ISO 8559-1 [20, 21]. To
investigate the classification of female body shapes
among individuals aged 18 to 55 in the workforce, the
author employed a 3D body scanner to collect a total
of 36 anthropometric measurements. These
measurements include 10 circumferences, 3 lengths,
9 widths, 11 heights and 3 thickness measurements,
as detailed in Table 1.

Research Methodology

~ 464.83 (1)

480 Vietnamese women were 3D measured by F6
Smart device. The body shape analysis method
employed SPSS 26.0 software in this study involved
the following steps:

- Determine the statistical characteristics of the
measurement.

- Determining the main components in a total of 36
measurements, we conducted factor analysis using
Varimax orthogonal rotation applied to rotate the
components. We assessed the suitability of variables
for PCA using the Kaiser-Meyer-Olkin (KMO) and
Bartlett's tests to determine the dominant size [22,
23].

- Analysis of clustering by K-means cluster analysis
and discriminant analysis. In case the final number of
clusters is determined, one-way analysis of variance
(ANOVA) and Scheffe - test will be performed to
observe the difference in human body size for each
body type because of the results. of the analytical
cluster [11, 15, 22, 23, 24].

- Enter avatar size parameters in CLO3D software to
display analyzed body shapes [1, 25].

- Analysis of body proportions of Vietnamese
women's body groups through ANOVA results.
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Table 1. Measurement used in the study.

Category Measurement items Number
Ci Neck-, Upper bust-, Bust-, Under bust-, Waist-, Abdomen-, Hip-, Thigh-, Bicep -
ircumference ) . 10
circumference, Total rise
Length HPS to apex, Center back neck to wrist, Shoulder length 3
Width erad wigth,.Neck wjdth, Shoulder width, BP to BP, Across back, Across chest, Waist 9
width, Hip width, Thigh width
Total height, Head module, HPS to waist, Shoulder point to waist, Center back neck to
Height waist, Center front neck to waist, Center front neck to bust, Bust to waist, Waist to hip, 11
Hip height, Crotch height
Depth Bust depth, Waist depth, Hip depth 3
Total | 36

RESULTS AND DISCUSSION
Statistical analysis results

The results of the statistical analysis, including
histograms with normal curve and the standard
probability histogram (Normal Q-Q Plots), show that
all 36 anthropometric sizes used in the study exhibit
mean value that closely located near the median (Me)
and dominant (Mo). At the same time, the reliability of
these dimensions falls within the acceptable limits,
with a Cronbach's Alpha reliability coefficient of 0.948
as shown in Table 2.

Results of the main factor analysis

After applying orthogonal rotation Varimax, the
analysis showed the presence of three main
components among the measurements, each with
eigenvalues greater than 1 and cumulative value of
96.92%. The results in Table 3 also show that the
waist circumference has the largest weight among the
size factor groups at 0.990. The remaining variables
after rotation have lower weight but are greater than
0.6. At the same time, the KMO and Bartlett's test
results in Table 4 are 0.669, ranging from 0.5to 1 (0.5
< 0.669 < 1), which assesses the appropriateness of
the variables in the principal component analysis [22-
24).

Factor 1 includes 22 measurements related to body
volume, which including circumferences, widths and
depths such as waist circumference, waist width,
abdomen circumference, bust circumference, bicep
circumference, neck circumference, over bust
circumference, under bust circumference, waist
depth, hip depth, bust depth, apex to apex, hip
circumference, neck width, hip width, head width,
HPS to apex, total rise, thigh circumference, across
back, thigh width, chest width. The eigenvalue of the
principal component 1 is 20.175, which explains
56.042% of the total variance and is the most
explanatory factor among the 3 factors with
Cronbach'a reliability of 0.964.

Table 2. Cronbach's Alpha reliability of anthropometric dimensions.

Reliability Statistics
Cronbach's Alpha
0.948 36

N of Items

Factor 2 includes 12 measurements related to body
height and length, which representing: center front
neck to waist, center front neck to bust, shoulder point
to waist, total height, HPS to waist, center back neck
to waist, hip height, center back neck to wrist, crotch
height, bust to waist, head module, waist to hip can
be considered as representative for the length and
height dimensions of the body. Specifically, the total
height is 0.986, hip height is 0.964, center neck back
to wrist is 0.954, crotch height is 0.947 and head
module is 0.839, there is no systematic
measurements factor load is less than 0.7. Principal
component 2 has an eigenvalue of 13.392 which
explains 37.199% of the total cumulative variance, is
the second explaining factor with a Cronbach'a
reliability of 0.914.

Factor 3 has the lowest eigenvalue 1.323, accounting
for 3.675% of the total cumulative variance with a
confidence level of 0.754, including 2 measurements:
shoulder width (0.724), shoulder length (0.674). This
is the main factor representing the measurement of
the shoulder area of the body.

Results of cluster analysis by K-means
cluster analysis

K-means cluster analysis is used in the case of
expected clustering of 2-10 clusters [24]. The results
of subgroup analysis using K-means cluster analysis
of 10 groups can be clearly displayed as table 5.
However, with the further support of Discriminant
analysis could narrow the results of subgroup
analysis by K-means cluster analysis and scatter plot
as shown in Figure 1. It finally shows that the
classification is correct with 97.3% in the case of
samples classified into 5 groups, while the
classifications are classified into 5 groups. 2 groups,
3 groups, 4 groups, 6 groups, 7 groups, 8 groups, 9
groups, 10 groups are 97.0%, 94.9%, 93.4%, 94.5%,
95.7%, respectively, 95.3%, 96.1% and 94.1%. Thus,
classifying the samples into 5 groups appears to be
the most appropriate method for achieving clear
classification. These five groups will continue to be
analyzed and compared by ANOVA and find out the
body characteristics of each group [22 - 24].
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Table 3. Main factor analysis results.

Main factor Measurements Eaac;mg Eigen values Cumulative % Cronbach’ a
Waist circumference 0.990
Waist width 0.989
Abdomen circumference 0.988
Bust circumference 0.985
Bicep circumference 0.982
Neck circumference 0.979
Over bust circumference 0.977
Waist depth 0.976
Under bust circumference 0.976
Hip depth 0.973
Bust depth 0.946
Body volume Apex to apex 0.940 20.175 56.042% 0.964
Hip circumference 0.924
Neck width 0.915
Hip width 0.901
Head width 0.898
HPS to apex 0.870
Total rise 0.841
Thigh circumference 0.817
Across back 0.806
Thigh width 0.798
Across chest 0.784
Center front neck to waist 0.990
Center front neck to bust 0.988
Shoulder point to waist 0.988
Total height 0.986
Body height and HPS to waist 0.972
ength E;”:Z;:fk neck to waist 8;322 13.392 37.199% 0.914
Center back neck to wrist 0.954
Crotch height 0.947
Bust to waist 0.927
Head module 0.839
Waist to hip 0.757
Shoulder width 0.724
Shoulder area Shoulder length 0674 1.323 3.675% 0.754
Note: Rotation method: Varimax
Extraction method: PCA (principal component analysis)
Table 4. KMO and Bartlett's test results.
KMO and Bartlett's Test
Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 0.669
Bartlett's Test of Sphericity \Approx, Chi-Square |33119.171
df 231
Sig. 0.000

Results of ANOVA test

The mean and standard deviation of the
measurements are shown in the results of F-test in
ANOVA analysis and Scheffe-test for 36 body
measurements are presented in Table 6.

In ANOVA analysis the results show that the
significance level of 0.00< Sig<0.001 shows that the
cluster analysis results are more significant, and the
clusters are different from each other [22, 23]. The
results of testing the difference in mean values for
each body type of body sizes showed interesting
insights. Human Type 1, accounting for 15.23% of the
sample, represents the thinnest individuals with the
smallest circumference measurements, including
waist circumference (64.11cm), bust circumference
(80.95 cm) and hip circumference (84.33 cm). This

group also features the shortest height (151.24 cm)
and a small shoulder area with shoulder width (35.34
cm) and shoulder length (10.95). Meanwhile, Human
Type 5, accounting for only 8.59% of the sample,
consists of fat individuals with the largest
circumference measurements, bust circumference
(103.36 cm), waist circumference (87.33 cm), hip
circumference (105.10 cm). However, there is a large
average head modulus (21.51 cm), the largest
distance from waist to hip (20.95 cm) and crotch
height belongs to the low group (71.74 cm); Large
shoulder size with shoulder width (37.98 cm) and
shoulder length (11.88 cm). Human Type 3 has the
highest proportion with 35.94% of the sample,
representing the symmetrical humanoid with sizes
close to the size of the sample mean. Human Type 4,
accounting for 21.88% of the sample, is as slightly fat
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Canonlcal Diseriminant Functions

Function 2

n

17 5 C

Function 1
Figure 1. Scatter plot in case of analysis of 5 subgroups.

Table 5. Results of quantity and percentage of each sample.

k&

3
]
]

B Sroup Cantreid

Number .

of groups Quantity and percentage of each sample

2 arou 195 285

group 40.63% 59.38%

3 arou 178 139 163

group 37.11% 28.91% 33.98%

4arou 182 71 114 113

group 37.89% 14.84% 23.83% 23.44%

5 arou 73 88 173 105 41

group 15.23% 18.36% 35.94% 21.88% 8.59%

6 arou 26 69 152 68 86 79
group 5.47% 14.45% 32.64% 14.06% 17.97% 16.41%

7 arou 107 62 26 58 71 86 69
group 22.27% 12.89% 5.47% 12.11% 14.84% 17.97% 14.45%

8 arou 26 94 77 77 62 69 41 34
group 5.47% 19.53% 16.02% 16.02% 12.89% 14.45% 8.59% 7.03%

9 arou 39 60 60 41 66 26 34 47 107
group 8.20% 12.50% 12.50% 8.59% 13.67% 5.47% 7.03% 9.77% 22.27%

10 arou 56 39 84 96 15 19 45 43 56 26
group 11.72% | 8.20% | 17.58% | 19.92% | 3.13% | 3.91% | 9.38% | 8.98% 11.72% | 5.47%

person with waist circumference (79.04 cm), bust
circumference (91.19 cm), hip circumference (96.73
cm). Yet, this group tends to have shorter heights with
the average body height measurement (152.58 cm)
and average shoulder size. Human Type 2,
accounting for 18.36% of the sample, is the tall and
large human body type, with the longest length
measurements and larger circumferential
measurements compare to the average group sizes.

Results of body proportion analysis of
five body types

The simulation of body shapes is based on the
measurements from each body group in Table 6. The
shape of each human form is simulated in Figure 2
through CLO3D design software. Figure 3 shows a

distinct difference among the physique groups,
partially in terms of body contour. When comparing
height sizes, Group 5 and Group 3 show minimal
difference, as do Group 4 and Group 1. However,
Group 2, Group 5 and Group 4 show notable
differences. In addition, clear differences can be seen
among all body types when comparing body width
and thickness. The results show that Group 1
represents individuals who are short, thin, and have
small shoulders; Group 2 consists of taller individuals
who are slightly overweight and have larger
shoulders; Group 3 showcase well-proportioned
figure; Group 4 includes shorter individuals who are
heavier with medium-sized shoulders; Group 5
comprises individuals who are notably overweight, of
average height, and possess large shoulders.
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Table 6. Results of ANOVA analysis and Scheffe-test.

Unit: cm
Mean
(SD)
. Group 1 Group 2 Group 3 Group 4 Total
Main factor Measurements (n=73) (n=88) (n=173) (n=105) (n=480) F
15.23% | 18.36% | 35.94% | 21.88% 100%
<SD> <SD> <SD> <SD> <SD>
Waist 6411A | 7503C | 69.39B | 79.04D 73.27 319 4547+
circumference <2.90> <3.33> <2.64> <2.67> <7.19> ’
o 2286A | 2665C | 2462B | 27.30D 2577
Waist width <0.91> | <0.97> | <0.68> | <0.80> <2.14> | 364716
Abdomen 7912A | 9249C | 8577B | 94.73D 89.54 350 164+
circumference <2.79> <3.39> <2.48> <2.97> <7.51> ’
Bust 80.95A | 91.35C | 85.89B | 95.19D 89.67 -
circumference <2.77> <3.47> <2.74> <2.67> <7.00> ’
Bicep 2367A | 2785C | 2578B | 28.99D 27.09 779 2047+
circumference <1.03> <1.28> <1.00> <1.13> <2.61> ’
Neck 3058 A | 3342C | 31.86B | 33.63C 3267 361 1407
circumference <0.59> <0.66> <0.48> <0.62> <1.53> ’
Over bust 80.03A | 9069C | 8529B | 94.19C 89.01 381575
circumference <2.08> <2.27> <1.43> <1.96> <5.08> ’
. 16.60A | 1965C | 18.13B | 21.09D 19.29
Waist depth <0.88> | <1.04> | <0.93> | <0.89> <2.00> | 261032
Under bust 6854A | 77.92C | 7312B | 83.38D 7715 2766167
circumference <2.85> <3.39> <2.77> <3.10> <7.37> ’
] 2048A | 2437C | 2243B | 2497C 2350
Hip depth <0.87> <1.05> <0.83> <0.97> <2.00> | 280268
Body volume: 2113A | 2381C | 2253B | 25.62D 23.70
circumference, Bust depth <0.95> <1.18> <1.11> <1.03> <2.27> 195.128
width and depth [, " 1542A | 1754C | 16.35B | 17.52C 16.90 283,884+
measurements p P <0.50> <0.54> <0.36> <0.49> <1.08> :
Hip circumference | 8433A | 97.20C | 9068B | 96.73C 93.47 41 5187
P <2.53> <3.27> <2.49> <3.06> <6.37> :
. 9.92A 1087D | 1032B | 10.71C 10.53
Neck width <0.21> | <0.19> | <0.13> | <0.20> <0.43> | 313993
. 30.51A | 3483C | 3263B | 34.44C 3.49
Hip width <0.84> | <1.06> | <0.82> | <0.99> <2.04> | 226376
. 1417A | 14.86D | 1447B | 14.72C 14.61
Head width <0.13> | <0.14> | <0.10> | <0.15> <0.30> | 316647
2279A | 2544D | 24.02B | 24.92C 24 51
HPS to apex <0.50> <0.58> <0.48> <0.60> <118> | 244884
) 7046 A | 7843D | 7416B | 76.49C 75.54
Total rise <1.60> | <1.88> | <1.65> | <2.01> <3.50> | 188262
Thigh 4985A | 5657C | 53.18B | 5540C 54.32 133,820
circumference <1.24> <1.65> <1.38> <1.59> <2.68> ’
2061A | 3226D | 30.67B | 31.48C 31.18
Across back <0.72> | <0.54> | <0.50> | <0.67> <1.16> | 183730
o 15.96A | 1814C | 17.04B | 17.74C 17.40
Thigh width <0.50> | <0.67> | <0.57> | <0.65> <1.05> | 117473
2940A | 32.33D | 30.56B | 31.44C 3112
Across chest <0.86> | <0.65> | <0.62> | <0.80> <1.30> | 152401
Center front neck 30.49 A 31.36 B 30.47 A 31.28 56.817*
to waist <0.76> <0.88> <0.80> | <0.75> | <1.13> :
Center front neck 17.94 A 18.60 B 18.06 A 18.71 B 18.56 60.115**
to bust <0.53> <0.60> <0.54> | <0.48> | <0.78> :
Shoulder pointto | 23.99 A 2478B | 2412A | 24.99B | 24.75 61,7767
waist <0.64> <0.73> <0.67> | <0.64> | <0.96> :
. 151.24 A 156.73B | 15258 A | 157.95B | 156.55
Total height <4.29> <4.97> | <4.19> | <3.88> | <6.34> | 53065
. : 31.80 A 3281B | 3217A | 33.31B | 32.83
Be?]cglj)t/hhelght and HPS to waist <0.74> <0.84> <0.80> <0.70> <1 14> 66.540
Center back neck | 32.36 A 3335B | 3266A | 33.75B | 33.34
measurements |, "\ aist <0.75> <0.86> | <079> | <0.71> | <1.13> | 81147
. 76.71 A 7993B | 7658A | 7924B | 79.53
Hip height <3.05> <357> | <o87> | <278> | <407 | B1AT7
Center back neck | 67.81 A 7063B | 69.26B | 7225C | 70.82 JU—
to wrist <2.20> <2.37> <2.01> <1.72> | <3.13> :
. 70.64 A 7334B | 69.74A | 71.74A | 72.79
Crotch height <2.96> <3.48> | <277> | <2775 | <4.09> | 47539
. 12.55 A 1276 C | 1241A | 12688 | 12.71
Bust to waist <0.26> <0.30> <0.30> <0.29> <0.37> 43.134
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Figure 5. Body width ratio of 5 body types.
1 1
1
1.03 1.04 1.01
Group 1 Group 2 Group 3 Group 4 Group 5

Figure 6. Hip height ratio of 5 body types.

In addition, the proportions of each body type are
shown in Figures 4, 5,6, 7, 8,9, 10, 11, 12.

The body thickness ratio among the 5 body shape
groups is shown in Figure 4. The results show that
Group 3 is the body group with the bust - waist ratio
equal to the hip waist ratio, indicating a symmetrical
body shape. Conversely, Groups 1, 4 and 5 all display
a larger bust - waist ratio than hip - waist ratio, while
Group 2 showed a smaller bust waist ratio than the
hip waist ratio.

Figure 5 shows the body width ratio among five body
types. When compares to Group 3, which is the
average group for width-to-waist sizes ratios, Group
2,4 and 5 all have a smaller width-to-waist ratio. This
explains more clearly that body groups 2, 4, 5
represent slightly fat, fat and over-fat bodies,
respectively. The other group, Group 1, has a larger
of width-to-waist ratio than Group 3, especially, the
hip size has the same ratio as Group 3. This is the
body group representing the thin group.

The ratio of hip height to the height from the top of the
head to the hip of the five body shapes is shown in

10

Figure 6. Looking at the figure and the results of the
ratio calculation, Group 2 has the highest hip height
ratio at 1.06, representing a body type with higher hip
position. In contrast, Group 4 and Group 5 have the
lowest hip height ratios of 1.01, representing body
types with sagging hips. The remaining groups,
Group 1 and Group 3 have an average hip height ratio
of 1.04 compared to the height from the top of the
head to the hip.

Figures 7, 8, 9, 10, 11 analyze the height ratio
measurement to the size of the body height for five
body groups. From the analysis results, Groups 2 and
3 have the same ratio of height to standing height
dimensions, while Groups 1, 4 and 5 have
differences. Specifically:

- Group 1 matches Groups 2 and 3 in proportions for
bust height, hip height, and crotch height but has a
larger head modulus size ratio. Other measurements
show smaller proportions than Groups 2 and 3.

- Group 4 has smaller proportions than groups 2 and
3, except for the head modulus, which matches
Groups 1 and 5.
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Figure 10. Ratio of height dimensions of group 4

- Group 5 has a first modulus ratio greater than
Groups 2 and 3, similar to Groups 1 and 4, with neck
height proportions matching Groups 2 and 3. Other
measurements show smaller proportions than
Groups 2 and 3.

- In addition, Groups 1, 4 and 5 share equal
proportions for chin height, shoulder height, waist
height and head modulus.

CONCLUSION

This  study  collected 36  anthropometric
measurements form a sample of 480 Vietnamese
women residing in major cities, representing three
regions of North, Central, and South. The analysis
results, including statistical characteristics, principal
component analysis, K-means cluster analysis,
discriminant analysis, ANOVA analysis and Scheffe-
test showed the existence of five female body types:
“short and thin with small shoulder” accounting for
15.23 %; “tall with slightly fat and large shoulders”
accounting for 18.36 %; "Medium body type", with an
average accounting for height stature and a fit body,
and a bust-waist ratio equal to the waist-to-hip ratio,
accounting for 35.94 %; “short with fat and medium-
large shoulder” accounting for 21.88 % ; and “too fat
with average height, big shoulders” accounting for
8.59 %. The analysis of body thickness ratio of five
body shapes showed results that: Group 3 had a

Figure 8. Ratio of height dimensions of

1"

Figure 9. Ratio of height dimensions of
group 3

i

0.50H
0.45H

(.

)

Figure 11. Ratio of height dimensions of group 5

bust-waist ratio equal to the hip-waist ratio; Groups 1,
4 and 5 had a bust-waist larger than the hip-waist
ratio; Group 2 exhibited a bust-waist ratio smaller
than the hip-waist ratio. The analysis of body width
ratio showed that: Group 2, 4 and 5 had a smaller
width to waist ratio than Group 3. Group 1 had a width
to waist ratio larger than Group 3, especially the hip
size has the same ratio as Group 3. The results of
analyzing the ratio of hip height to the height from the
top of the head to the hips of the five body shapes
showed that: Group 2 had the highest hip height ratio
(1.06), representing a body types with a high hip
position; Group 4, 5 had the lowest hip height ratio
(1.01), representing the body type with sagging hip;
Group 1 and 3 had an average hip height ratio of 1.04
compared to the body. The results of analysis of
height dimensions ratio to body height for five body
groups show that Groups 2 and 3 have the same
height dimensions ratio to body height, the remaining
Groups 1, 4 and 5 have significant differences in
these ratios.

The research results can serve as a reference for the
garment industry while contributing to the goal of
building a virtual model library within 3D design
software and mass-customization.
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Hanoi University of Science and Technology (HUST) under
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ABSTRACT
To help healing, protect and care the wound from additional damage, a sterile dressing is applied to wound
and injured area. Wound dressing can be a sterile pad or compress that directly contact with the wound area.
Nowadays, different models of wound dressings are used in the medical field. In this review paper different
wound dressings and efforts made on the textile based wound dressings discussed.
KEYWORDS
Wound; Dressing; Healing; Textile; Antibacterial; Nanofibers.
INTRODUCTION

For reducing infection in different wound types,
various models of wound dressings are used. Wound
dressings should stop bleeding and start clotting,
absorb excess blood and other fluid from the injured
area and eventually debridement the wound [1].
Wounds are classified as chronic or acute (Figure 1),
due to the nature of the repair procedure [2].

Chronic wounds associated with tissue injury heal
and heal very slowly and recur regularly as the
trauma recurs, depending on the immunological
problems, the patient's physiological situation and the
persistent infection [3]. On the other hand, acute
wounds are often tissue injuries that heal completely

in the estimated time of 812 weeks with slight scarring.

Acute wounds include mechanical injuries such as
lacerations, abrasions, burns, cuts, and penetrations,
as well as chemical injuries induced by chemical
caustics [4]. In addition, wounds are categorized
based on the number of layers of skin and the area of
skin affected. In a superficial wound, the skin surface
is only affected and contains the epidermis and the
deeper layers of the skin with sweat glands, blood
vessels and hair follicles, which is referred to as a
partial wound [5]. Epidermis, dermis, and the
underlying subcutaneous fat or deeper tissues are
injured while full-thickness wounds occur. Based on

physiological conditions and appearance, wounds
are divided into five groups (Figure 2).

Necrotic wounds are dry, hard, and tend to shrink.
Leg ulcers, burns, and pressure sores are types of
greasy wounds. In this situation, the necrotic plaque
is removed from the wound surface and a sticky
yellow plaque is formed. This tissue is a mixture of
protein, fibrin, serous exudate, leukocytes and
bacteria and is not dead. Granulating tissue is the
fresh matrix through healing which appear on the
wound surface with bright color and moist condition
with many tiny blood vessels. In epithelializing
wounds, epithelium is made on a denuded surface
and wound surface seems as pink colored. Infected
wounds are green, cloudy with smelling fluid drainage
[6]. There are many different types of wounds [7] such
as burns, malignant wounds, radiation wounds,
pressure ulcers, vasculitic ulcers that need treatment
[5]. In an open wound, an internal or external break in
the body’s tissue caused that generally reasoned by
accidents involving rough or sharp objects that cut
through the skin and trauma created which can
exposes the skin and body to dangerous bacteria and
infections [8]. In open wounds, minor cuts can be self-
treated, but severe cases need emergency services.
Some types of open wounds include Abrasion (When
the skin rubs in contradiction of a rough surface,
abrasions occur. In most cases, wound is not deep
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Figure 2. Wound types based on physiological condition.
and a little bleeding occurs), Puncture (There are COMMERCIAL WOUND DRESSING
hole-shaped wounds caused by pointy objects such TYPES

as needles, gunshot and nails that called Punctures.
Deep punctures necessitate urgent medical
intervention.), Incision (A straight wound caused by
any sharp object such as a knife or a broken glass is
an incision), Laceration (A laceration is a sharp and
deep cut those results in skin tears and caused heavy
bleeding. Frequently it happens through machinery,
mishandle knives, and other sharp tools.), Avulsion (A
severe wound in the partial or complete tear of the
tissues and skin that frequently occur during violent
accidents like explosions, car crashes, and other
incidents called avulsion that involve trauma.),
Amputation (An amputation mentions to the loss of an
extremity which can causes accidently or also be
done in a medical procedure to manage certain
diseases such as gangrene) [9-10]. An infection
caused if a major wound is not treated correctly or left
on its own. Some symptoms of infection are fever
(body temperature rising above 37.5°C), malaise
(tiredness, lack of energy and general feeling of being
unwell), redness, swelling, temperature rise in the
area, body aches (persistent pain in and around the
wound), vomiting and unpleasant odor. It is difficult to
know why some ulcers are not healing and
occasionally out of many local wound dressing
materials, some dressing material works wonders
[11].
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Wound dressings should have several properties
(Figure 3) including absorb exudates, alleviate pain,
sustain non-toxicity, moist environment, prevent
infection and contaminant, permeability, ease of
application, flexibility, comfortability, antibacterial
properties and biodegradability [12]. Wound
dressings should have antibacterial properties and
the growth of microorganisms should be controlled or
eliminated in the presence of antimicrobial agents
resident in the fibrous structure [13]. In the wound
healing process, the dressing defends the injury and
restores skin and epidermal tissue. For this purpose,
natural polymers such as proteoglycans and proteins
(e.g. fibrin, collagen, gelatin and keratin),
polysaccharides and derivatives (e.g. CMC, chitosan,
alginates and heparin) [14] are widely used, that are
biodegradable and biocompatible [15]. For effective
and fast wound healing, using the correct dressing is
important. Several features such as the type, size,
position, and harshness of injury impressed on the
type of used wound dressing [16]. Some of the most
commonly used dressings are shown in Figure 4.

Hydrocolloid dressing

The word hydrocolloid was invented in the 1960s with
the development of mucoadhesives made by
combining carboxymethyl cellulose, tackifiers and
adhesives used to treat mouth ulcers. To prepare
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hydrocolloid dressings, a hydrophilic gellable mass in
semi-solid form was applied to a flexible, semi-
permeable support. The first formulation of this
dressing was in the UK in 1982 and was later
launched in 1983 as Duoderm in the US and other
European markets. Hydrocolloid dressings are often
associated with the treatment of chronic wounds. In
addition, hydrocolloid dressings can be effective for
treating various acute wounds. They can absorb
excess fluid and help with debridement [18]. For
wounds that are emitting liquid, burns, pressure and
venous ulcers and necrotic wounds hydrocolloid
dressings are useable. Hydrocolloid dressings are the
most commonly used modern dressings and are self-
adhesive, non-breathable, long-lasting,
biodegradable, and easy to apply and need no taping.
They made from comfortable and flexible materials
that made them suitable for all skin types [19-21].
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Hydrocolloid dressings made of a self-adhesive and
hydrophilic colloid particle covered with a waterproof
polyurethane film [22]. The surface of hydrocolloid
dressings is coated with materials such as sodium
carboxymethyl cellulose, pectin, gelatin, alginate or
polysaccharides, which can absorb water and form a
gel, which can protect the wound from infection and
keep it clean and does not allow oxygen, water or
bacteria entry on wounds. The outer layer protects
the wound from environmental factors and bacteria
and forms a gel-like phase on the surface of the
wound, which preserves moisture and absorbs
wound secretions and exudates [23]. The main
advantage of hydrocolloid dressings is that they adapt
to the patient's body and adhere well to different sites
[24].

Hydrogel

In recent years there have been many advances in
the management of wounds. Hydrogels are
biocompatible with moisturizing properties and are
widely used in wound dressings [25]. Hydrogel
dressings are hydrophilic and semi-occlusive. They
can hydrate wounds and re-hydrate eschar.
Hydrogels are inexplicable polymers which are
presented in different forms such as amorphous gel
and sheet. Hydrogels absorb exudate and afford a
moist environment for cell migration. One of the most
benefit of hydrogel dressings is autolytic debridement
deprived of damage and harm to granulation or
epithelial cells [26].

This dressing allows moisture to stay at the surface
of the wound. Hydrogel dressings can be a solution
to these problems, exhibiting excellent properties
such as tissue adhesion, swelling, and water
absorption. In addition, these hydrogels can be
formed in situ and, if necessary, dissolved by
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chemical or physical reactions. For second-degree
and minor burns, donor sites, infected wounds,
pressure ulcers, sore or necrotic wounds and a
variety of wounds that are no fluid or leaking little,
hydrogel can be used. To reduce bleeding in liver and
aortic models, hydrogels can be used as a dressing,
which can then be easily removed. Still, there are
many researches on diverse methods to synthesize
these hydrogels. Lu et al. in 2018, investigated four
strategies for dissolvable crosslinked hydrogels,
supramolecular self-assembling hydrogels, and
environmentally sensitive physically crosslinked
hydrogels. They concluded that these hydrogels offer
cheap and effective methods for in vivo applications
[27]. Hydrogels are usually used for drug delivery or
tissue/organ repairs. They are water or glycerin
based products; crosslinked polymeric networks
extended in biological fluid. They can absorb 30-90%
of their mass in water. Some cooling gels like burn
soothe in hydrogels can reduce pain and help to heal
wounds and burns and accelerate the healing
process. Hydrogel wound dressings keep the moist
wound environment clean and healthy. Hydrogels are
available in different forms, like film, injectable gels
and spray. Furthermore, smart hydrogel dressings
included sensors can transport real-time information
about the wound healing status. In recent times,
sprayable hydrogel-based wound dressings have
developed as appropriate scaffolds for wound care.
Many researchers studied on synthesis and
fabrication of hydrogels and emerging new smart
hydrogels for several biomedical applications [2, 28].
In 2019, various types of injectable self-healing
conductive hydrogels using dextran graft aniline
tetramer graft 4-formylbenzoic acid and N-
carboxyethylchitosan were synthesized by Guo et al.
Hydrogels revealed superb self-healing. The
conductive and injectable self-healing hydrogels are
admirable candidates as scaffolds or as carriers for
cell delivery that can be used for skeletal muscle
repair or cell therapy [29]. Jin et al. in a review paper
discussed about hydrogels dressings. They reported,
by utilizing hydrogels as substrates, it is possible to
design hydrogel dressings with pH-sensitive,
temperature  sensitive, glucose-sensitive, and
pressure-sensitive  properties. The  hydrogel
dressings using wound-monitoring utilities may ease
treatment, by monitoring the results [25].

Foam dressings

Polyurethane foam dressings have been used for
exudate management in moist wound healing for the
past 30 years. Foams have a porous structure that
can absorb liquids into air-filled spaces by capillary
action. Silicone foam is also used in the wound
dressing but is often applied as an adhesive wound
contact layer. Various thicknesses of foam dressings
are made, which can be adhesive or non-adhesive.
They are rich in film-backing that has the resolution to
provide a water and microbe resistant barrier to the
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environment. Overall, non-toxic and non-allergenic
foam dressings are able to retain moisture at the
wound bed and are easily removed, protecting the
wound skin from bacteria. They can adopt and
conform to body shape and maintained the
temperature with a long shelf life. Foams can be used
as a primary or secondary dressing [30]. Foam
dressings are essential and important in the care of
chronic and exuding wounds. Chronic wounds require
the creation of a moist, warm wound healing
environment and good exudate handling properties,
and foam dressings are good candidates for
treatment. Mostly, foams are made from polyurethane
with smooth contact surface, thermal insulation,
which are gas permeable. Foam dressings can
absorb exudate in a number of ways. Some foams
absorb exudate, some foams can breathe the
moisture they absorb through a permeable backing.
An absorbency and the moisture-vapor permeability
are very important factors for foam dressings [31].
Kowalczuk et al. in 2020, focused on developing a
possibly antibacterial polyurethane foam wound
dressing that was loaded with bismuth-ciprofloxacin
[32]. Wang et al. investigated the wound healing
efficacy of silver-releasing foam dressings in
competition with silver-containing creams in the
outpatient treatment of patients with diabetic foot
ulcers in 2020. They concluded that silver-releasing
foam wound healing in infected diabetic foot was
more actual and effective than traditional silver
sulfadiazine cream [33]. Susy Pramod describes in
2021 the use of the Kliniderm foam silicone dressings
for wound management in oncology. Kliniderm foam
silicone dressing is safe, acceptable and effective for
chronic and acute wounds [34]. Foam dressings play
a key role in the medical management of chronic
wounds and in moist wound healing.

Films (Transparent dressings)

Transparent dressings are more comfortable than
bulky gauze and tape [35]. Semi-permeable sheet is
a sterile polyurethane sheet coated with acrylic
adhesive. Transparent dressings are breathable,
flexible, impermeable to bacteria and comfortable to
wear and keep the wound dry and clean. These
dressings covered the wound with a clear film and
wound healing can be monitored and detecting
prospective problems much easier and earlier.
Transparent dressings can be ideal for surgical
incision sites, ulcers and burns and conform easily to
the patient’s body. Due to the film-like structure, they
are semi-blocking and can trap moisture. They can
create a moist environment for wound healing [36].
Transparent polyurethane dressings have become
popular cause of their consistently secures the
catheter, it permits immediate visual inspection of the
catheter insertion site. Transparent polyurethane
dressings do not have to be changed repeatedly and
enables the patient to wash and shower with no worry
about wetting the dressing. They have significant
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adhesion, cost effective and easy to use [37].
Efficiency and success of a transparent film dressing
for peripheral intravenous catheters was studied by
Atay and Yilmaz Kurt in 2021. They concluded that
the use of a transparent film dressing for addition of
peripheral intravenous catheter may increase
catheter indwelling time and reduce the incidence of
complications [38]. The effectiveness of transparent
compression bandages in inhibiting pain, discomfort
and hematoma was reviewed by Sharma et al.
checked. They reported that transparent dressing is a
superior choice in patients with femoral/groin
dressings after cardiac catheterization. Also, they
reported that transparent dressings are more comfort
and effective in prevention of pain [39].

Gauze dressings

Gauze dressings are produced in extensive range of
shapes and sizes which made of non-woven or
woven materials. These can be used for infected
wounds, draining wounds, wounds which need
packing and very frequent dressing changes. Gauze
dressings are available readily and are cheaper than
other wound dressing types and can be used on
almost all wound types. In the other hand, gauze
dressings should frequently combine with another
wound dressing and often is not effective for moist
wound healing. Gauze dressing is still routinely used
for long-term wound care in hospitals and clinics [40].
Balasubramanian et al. in 2013 studied about
carboxymethylated cotton gauze dressing. Moist
conditions are maintained by increasing surface
carboxyl content. The samples were padded with
different concentrations of ornidazole and ofloxacin
as antibacterial agents. Carboxymethylated cotton
gauze treated with antibacterial agents may be
suitable for the manufacture of antibacterial wound
dressings [41]. Soares et al. in an integrative review
in 2020, reported that sterile gauze with Vaseline,
reduced the amount of pain after the bandages. This
bandage provided pain relief, increased mobility, and
improved sleep patterns, offer the client more comfort
and more willingness and energy for self-care [42].
Paraffin gauze dressing helps keep the skin graft
moist, reduces adhesion and allows for non-traumatic
removal, and creates a moist environment that
facilitates migration of epithelial cells. In addition,
paraffin gauze dressings have some disadvantages,
such as: B. the need for a secondary dressing, they
do not absorb exudate and require frequent dressing
changes to ensure they do not dry out and damage
good cells when the dressing is removed [43]. Fang
et al. in 2021 developed a reusable ionic liquid-
grafted antibacterial cotton gauze wound dressing
using 3-aminopropyltriethoxysilane, glycidyl
methacrylate, 1-vinyl-3-butylimidazolium bromide
and butyl acrylate. They reported that the treated
gauze pad is reusable and showed good antibacterial
activity even after three repeated antibacterial tests
[44]. Traditional wound dressings such as gauzes and
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felt is keeping the wounds dry and warm. One of the
biggest problems with traditional dressings was their
adhesion to the wound and the difficulty of removing
them from the wound surface [45]. In recent times, by
impregnating paraffin onto the gauze, coating viscose
fiber with polypropylene or adding polyamide contact
layer, the adherence of traditional dressings were
fixed [24].

TEXTILE DRESSINGS FOR WOUND
HEALING

Textile materials have numerous superior features
and are used in various industries. Textile materials
have different properties such as compatibility, good
mechanical properties, non-allergenic,
hydrophilic’/hydrophobic properties, air and moisture
permeability etc. and can be used in all types of dry
and wet dressings. For human existence, healthcare
is very essential, and in recent years developing
textile materials for biomedical purpose have
increased extensively. Wound healing is a complex
process and the manufacture of wound dressings for
complex unhealed wounds requires further
investigation. For caring open wounds or broken skin
areas such as cuts, grazes or areas of delicate skin
in minor injuries, cloth dressings are used widely.
Cloth dressings are available in different shapes and
sizes, in addition to pre-cut dressings, in a roll choice
that can be cut to suitable size. According to the
cause, textile wound dressings can be used as
protective layers, drug carriers, contact layers and
reinforcements of wound healing composites. Textile
wound dressing structures can be changed by using
different raw materials and changing production
parameters [4]. Porosity, strength, flexibility,
capillarity, absorption, three-dimensional structures,
moisture permeability, air permeability, drape ability,
extensibility, different fiber types and lengths, cross-
sectional shape and geometry, fineness,
combinability with medicines, etc. are the major and
significant properties to produce an effective textile
wound dressings. Natural fibers such as cotton and
silk and synthetic fibers such as polyester, polyamide,
polypropylene, polyurethane, etc. can be used as the
wound dressing. The key benefits of new dressings
are exudate transport, wound closure and on-demand
drug delivery to the wound environment. Recently,
innovative fibers and gels have been made from
natural polymers such as polysaccharides (alginates,
chitin and chitosan), proteins, polyglycolic acid,
regenerated cellulose, etc. [6].

Wound dressings play a critical role in wound care
and wound healing. Chitosan-based wound
dressings are biodegradable, biocompatible and
antibacterial and have increased significant attention
in recent years. Chitosan is a natural polymer derived
from chitin, which is originate in crustacean shells and
has been widely considered in diverse presentations
[46-47].
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Recently, many researchers have focused on using
biological materials such as chitin and chitosan [48].
Chitosan acetate theoretically has extensive
biologically valuable properties such as antimicrobial
activity, homeostasis and stimulation of healing, drug
delivery, and tissue engineering scaffolds. Chitosan
is the soluble form of chitin, which is mainly in marine
arthropod shells and is a biopolymer consisting of
poly-N-acetylglucosamine and prevalent in nature.
The antimicrobial properties of chitosan depend on
the degree of chitosan polymerization, substrate
chemical and/or nutrient composition; type (plain or
derivative); environmental conditions like moisture
and host natural nutrient constituency. The site of
action of chitosan is on the microbial cell wall and the
antimicrobial effect occurs immediately on fungi and
algae and then on bacteria [32]. The use of chitosan
accompanied by various antibacterial agents such as
Ag, Zn, CuO, TiO2 and Fe has been studied by many
researchers in recent years [48]. Antimicrobial and
scar-preventive wound dressings were developed by
coating a mixture of chitosan, polyethylene glycol and
polyvinylpyrrolidone on the cotton fabric and
subsequent freeze drying by Anjum et al. in 2016 [49].

Multilayered or composite dressings are frequently a
mixture of the described dressings. Blend of a
semi/non-adherent layer with an extremely absorbent
fibrous layer such as cotton is typically useful for

burns, lacerations, abrasions or surgical incisions [31].

The wound healing has different phases and different
wound dressing can be used in each phase of healing
procedure. As a primary or secondary dressing,
combination dressings can be used. Composite
dressings are combination of dressing types and are
simply a combination of a gauze dressing and a
moisture retentive dressing. Depends on the type of
dressing, it is useable on different wound. Although it
is easy for clinicians to use and is available
extensively. The composite dressing may contain
hydro-fiber inner layer and a viscoelastic hydrocolloid
outer layer, which can be used for post-operative
applications, such as following a total knee
replacement procedure [50]. Zhang et al. in 2021
engineered a nontoxic, biocompatible, and
antibacterial chitosan-collagen dressing with water
retention property [51]. Effect of alginate/chitosan
hydrogel with different amounts of hesperidin on
wound healing was reviewed in 2020 by Bagher et al.
examined. They concluded that the produced
hydrogel has suitable properties for wound healing
applications and shows promise overview for
successful wound treatment [52]. Purwar et al. made
a composite wound dressing by embedding hydrogel
on cotton fabric for drug release in 2014. The
prepared dressing showed drug release at different
pH values with maximum drug release in acidic
medium [53]. A therapeutic and cost-effective
chitosan—Vaseline gauze dressing was industrialized
by Fang et al. in 2020 through coating the Vaseline
and chitosan on sterile gauze following drying. They
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reported that chitosan— Vaseline dressing is useful for
wound healing [54]. The treatment of cotton gauze
with a nanocomposite of Ag/chitosan/ZnO can also
improve wound care ability, increased wicking, drying
time and water absorption capacity on the way to
modern wound dressings [48]. Pinho et al. reported in
2018 on composite wound dressings obtained by
crosslinking between cotton fabric and cyclodextrin-
cellulose-based hydrogels. They reported that it is
possible to synthesize antimicrobial composite
wound dressings with natural compounds and eco-
friendly techniques using gallic acid [55].

As it was mentioned before, hydrogels are developing
as one of the best dressings because of their
biocompatibility, drug loading capability and
extracellular matrix imitating structure. Though,
current hydrogel dressings reveal unfortunate
environmental compliance, limited breathability,
probable drug resistance, and partial drug options,
which particularly confine their working conditions
and therapeutic result. Jiang et al. presented the first
model of hydrogel textile dressings by innovative
gelatin glycerin hydrogel (glyhydrogel) fibers invented
by the Hofmeister effect through wet spinning method.
Through the exceptional knitted structure, the textile
dressing features admirable breathability and
stretchability (535.51 + 38.66%). Totally these
properties can not be reachable via traditional
hydrogel dressings and offer a novel tactic for the
growth of hydrogel dressings [56].

An innovative bio-printed textiles based on fish skin
decellularized extracellular matrix (dECM) for wound
healing was presented in 2023. Due to the good
biocompatibility of fish-derived dECM, bioprinted
textiles show excellent functionality due to cell
adhesion and proliferation. Considering that the
dECM-based hydrogels are produced by the bio
printing method, the bio printed textiles exhibit a
suitable and tunable porous structure with good air
permeability throughout the fabric. Furthermore, a
variety of active molecules can be loaded onto the
hydrogel skeleton according to the porous structure,
and increasing the wound healing effect [57].

Alginate dressings which are easy removal, have
extremely great absorbing effectiveness and can
remove great amounts of exudate. Alginate dressings
can be used also in clean or infected wounds [58].

For higher state pressure ulcers, packing wounds,
burns, venous ulcers and wet wounds with high liquid
drainage, alginate dressings are suggested as
primary dressings. Alginate is an ionic polysaccharide
which can be used in different wound dressings and
can improve the wound healing procedure. Alginate
cross-link with various organic or inorganic materials,
which can aid in healing properties. Bioactive alginate
has hydrogel properties such as biodegradability,
optimal water vapor permeability, exudate absorption
and intrinsic swelling properties. These properties are
beneficial for a sterile dressing and wound healing
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[59]. Alginate dressings can contain some medicines
like sodium and seaweed fibers, that can absorb high
amounts of fluid, and more they are biodegradable
after use. Alginates are mixed water-soluble Na
and/or K, Ca and Mg salts of alginic acid. Alginates
are mostly gained from brown sea algae.
Biocompatibility, biodegradability, gelation, high
absorbency, non-irritating, non-toxic, easy application
and blending and swelling are the superior properties
of alginate fiber. The alginate can absorb 15 to 20
times its weight in liquid. Many researchers have
worked on applications of alginate in wound
dressings. Alginate can be mixed with other textile
fibers like cotton and chitosan [60]. Commoto et al. in
2019 produced an alginate-based hydrogel with
implanted biologically active materials that was
breathable for at least 72 hours and had excellent
mechanical properties. Curcumin and t-resveratrol as
antioxidants were individually encapsulated in the
alginate-based hydrogel. The prepared hydrogel was
biocompatible and was not toxic for human
keratinocytes. The hydrogel encapsulated with
curcumin was more effective against bacterial growth.
The hydrogel dressings produced are useful in many
skin diseases and can modulate the immune
response while controlling bacterial growth [61].

Hydro fiber Technology (HT) was founded on a new
sodium CMC hydrocolloid fiber material. Definitely, it
was industrialized for wound care to include the
required features of more traditional dressings (cotton
gauze, alginates and foams) and for increasing
aspects of exudate controlling. Mike Walker and
David Parsons in 2010 reported that the initial
material is advanced form of cellulose. In wound care,
usually cotton gauze used as natural form. Cotton is
very useful but its absorbency or the ability to retain
fluid is not enough because of the physical spaces in
cotton fabrics tightly bounding in the cellulose.
Changing the macroscopic fiber structure and

introducing  several pathways for moisture
permeability and fiber gelation confirm that
improvements in both absorption and retention

properties are being achieved in hydrofiber dressings.
Number of sodium carboxymethyl groups in the
molecular  structure  should be  controlled.
Subsequently, HT dressings afford hydration
properties which make them different from other
wound dressing [62]. Hydro fiber based dressings are
able to lock in wound exudate and have antibacterial
properties and removed bacteria and proteolytic
enzymes which may presence in the fluid from the
wound area. Hydrofiber products have wonderful
properties such as gel blocking, high fluid absorption
capacity, fluid retention under pressure (e.g. >90%)
and are easy to apply and allow for non-traumatic
dressing removal as demonstrated by in vivo and in
vitro studies [63]. After achievements of alginate
wound dressings, a gel-forming CMC fiber was
produced as wet healing dressing under the name of
Hydro-Fiber. This hydrofiber made from the solvent-
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spun cellulose fiber (Tencel), by replacing the -OH
group in cellulose by sodium carboxymethyl groups.
Fiber is insoluble in water, yet the sodium
carboxymethyl groups draw enough water into the
fibers and cause the fibers to swell and form a gel.
Hydrofiber nonwoven felts are strong, soft and
conformable, unlike the alginate fibers which are
brittle, weak and light brown. Hydro-fibers gel wound
dressings are highly absorbable and can be easily
removed after use [64]. Aquacel Ag® (ConvaTec,
Princeton, NJ, USA) is a hydro-fiber wound dressing
made from soft, non-woven fibers of sodium
carboxymethylcellulose that incorporate ionic silver. It
is antimicrobial and is a moisture retaining wound
dressing and forms a gel on contact with wound fluid.
In 2009, Barnea et al. reported on the use of hydro-
fiber dressings with silver (Aquacel Ag®) in wound
care. They concluded that Aquacel Ag® is an
effective, antibacterial and safe dressing for acute
and chronic wounds [65].

Collagens are the greatest abundant protein originate
in the body. For wound healing, these collagens are
created by fibroblasts and improved into different
morphologies. Wound healing and tensile strength of
healed skin depend on the amount, type and
organization of collagen [66]. Collagen-based
biomaterials have been used for wound dressings
cause of easy to apply, low immunogenicity,
biocompatibility and ability to reactivate wound
healing responses. Typically, the normal sources of
collagen are bovine, equine, avian, or porcine. The
use of animal-based collagen products is associated
with allergic problems, microbial contamination and
the spread of prion diseases. In addition, other natural
(marine) or genetically engineered (recombinant
human collagen from bacterial or plant material)
sources of collagen have been considered. Collagen
has been used as matrices/scaffolds for tissue
engineering, hemostats, soft tissue repair, and in
recent years as a drug delivery system. Collagen can
be combined with natural and synthetic polymers
such as hyaluronic acid, poly(L-lactic acid),
polyethylene oxide, elastin and silk fibroin, alginate,
chitosan. Some additives such as insulin, antibiotics
or nanoparticles have been added for wound healing.
Biocompatible nanocollagen is a fairly new material
produced by electrospinning processes and this
nanosize offers a higher surface area to volume ratio
that can be used for therapeutic drug delivery
systems [67].

Chitosan and collagen are used as natural polymers
along with textiles for wound dressing. In a research
work, a collagen-containing wound dressing was
prepared using non-woven fabric with a collagen
layer.

For burns, chronic, surgical or stalled wounds,
transplant sites, pressure sores, ulcers and injuries;
collagen dressing can be offered. Collagen dressings
may remove dead tissue, grow fresh blood vessels,
and help to bring the wound edges together and act
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as a scaffold for new cells. Santhanam et al. in 2020
reported about the role of collagen for wound
treatments [68]. Doillon and Silver in 1986 were
determined the effect of hyaluronic acid and
fibronectin in a collagen-based wound dressing [69].
Amirah et al. studied antibacterial collagen dressings
for diabetic foot ulcers in 2020. Encouraging results
have been reported using a collagen-based dressing
with integrated antibacterial components such as
polyhexamethylene biguanide and silver for diabetic
foot ulcer wound healing [70].

In the other point of view, nanofibers are widely used
in numerous biomedical uses for example cancer
therapy, gene delivery, drug delivery, cell therapy,
tissue engineering and regenerative medicine [71].
Nanofiber composites can be used efficiently for
wound healing and conformal tissue regeneration.
Currently electrospinning, phase separation, self-
assembly, and template synthesis are main methods
for nanofibers preparation [72]. Among others,
electrospinning is a modern, cheap and efficient
method for large scale production of continuous fine
nanofibers with tunable diameter and can process
both natural and synthetic polymers to solve specific
wound problems.

These fibers can be used in filtration, composite
materials, wound dressing and membrane industry.
Nanofibers are favorable materials for assisting
wound healing and skin regeneration. Electrospun
meshes have high surface area and microporosity
which can be loaded by biomolecules or drugs and
can be used as scaffolds for tissue engineering.
Subsequently, different materials such as chitosan,
gelatin, collagen, fibrinogen, poly lactic acid,
polyurethane, poly caprolactone and polyvinyl alcohol
can be electrospun and used as appropriate wound
dressing [73-74]. The electrospun nanofibers have
specific properties such as large surface areas,
changeable morphologies, high porosities, and
manageable mechanical properties and can be used
for drug delivery applications [75]. Various antibiotics
and anticancer drugs can be combined into
electrospun polymeric nanofibers for making
desirable wound dressings. Usually, these active
ingredients are incorporated into nanofibers by mixing
them into the polymer and then electrospinning the
mixture or core-shell electrospinning. lacob et al.
described in 2020 a summary of widely used
polysaccharides of animal, plant, fungal and bacterial
origin for the production of nano-wound dressings.
Drugs and biological molecules can be encapsulated
in electrospun nanofibers and wound healing
processes can be improved and accelerated. They
concluded that electrospun polysaccharide nanofiber
dressings had more desirable and appropriate
properties such as cost-effectiveness, ease of
preparation, efficient drug delivery, and better wound
healing time compared to traditional dressings [75].
Recently, many researchers are investigating
electrospun polymeric wound dressings with fiber
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diameters in the nanometer and micrometer range.
These wound dressings have different properties that
can accelerate the wound healing process. In a 2021
review, Akhmetova and Heinz gave an overview of
cytocompatible and biodegradable fibrous wound
dressings produced by electrospinning proteins and
peptides of animal and plant origin [76]. Campa-
Siqueiros et al. in 2020 described electrospun
nanofibers from gelatin, chitosan and chitosan-
polyvinyl alcohol that made through electrospinning
method. The produced nanofibers provide good
antimicrobial efficiency and can be used as wound
healing dressings [77]. Multifunctional nanofiber
dressings are effective for wound healing process
due to their great biocompatibility, biodegradability
and bioactivity, and can be produced by mixing
various natural or synthetic polymers and combining
drugs, nanoparticles and bioactive agents through the
electrospinning process. Electrospinning of natural
and synthetic biopolymers has larger structures for
making wound dressings and tissue engineering
scaffolds, and hence is valued for modern wound
care and medical industry and other specific
structures [78]. Wound dressings based on
hydrophilic polyurethane with peppermint extract as a
natural and herbal anti-inflammatory  and
antimicrobial agent were prepared through
electrospinning method. Prepared nanofibers have
potential wound healing property for diabetic ulcers
[79].

Natural polymers such as glucan and galactan-based
carbohydrate  are  inexpensiveness, natural,
biocompatibile, biodegradable and are good
candidate for using in wound healing dressings
process. In addition, nanofibrous mesh have great
surface area and are similar to the ECM (extracellular
matrix) and supports fine proliferation and migration
of fibroblasts. Therefore, nanostructured dressings
derivative from glucans and galactans like chitosan,
pullulan, carrageenan, agar or agarose and curdlan
do not have the problems of traditional wound
dressings’ [80].

In the other research work nanofibrous wound
dressings with synergistic antibacterial activity were
developed. The process involves the layerwise co-
assembly of benzalkonium chloride (BC) and metal—
organic framework nanoparticles (MOFs, PCN-224)
onto  poly(e-caprolactone) (PCL) electrospun
nanofibrous membranes (ENMs) using a tannic acid
(TA)-assisted adhesion strategy. The prepared nano
composite presents a novel method for enhancing
wound disinfection in clinical settings [81].

The inappropriate managing of wound exudate
around the diabetic wound bed is one of the key
parameters leading to delay diabetic wound healing.
Zhuo et al., introduced a new diabetic wound dressing
for achieving fast wound healing by electrospinning
hydrophobic nanofibers on a hydrophilic modified
non-woven fabric. The double-layer structure of the
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self-pumping dressing divert excessive exudate away
from diabetic wounds, ultimately promoting wound
healing [82].

ANTIMICROBIAL WOUND DRESSING

With a global market of US$20.4 billion by 2021, skin
wound dressings are a core part of the wound care
industry. Natural polymeric nanofibers loaded with
antibacterial and biofunctional agents are intelligent
classes of bioactive wound dressings and can be
replaced by classic wound dressings [83]. In order to
manufacture antimicrobial dressings, several
performance criteria are important, such as wound
surface protection, absorption of wound exudate, and
ease of application and removal. Usually, textile
wound dressings can combine with antimicrobial
agents through different methods such as 1)
antimicrobial creams and ointment (betadine solution
and betadine cream or silver antimicrobial wound gel),
2) textile fabric impregnated with antimicrobial active
ingredients, 3) antimicrobial coated textile substrate,
4) textile fibers containing antimicrobial active
ingredients, 5) textile composite containing
antimicrobial fibers. Wound dressings come in direct
contact with injured skin and should be safe, non-
toxic and free from allergy problems. It must be
effective on broad-spectrum of bacteria without
bacteria resistance and antimicrobial effect should
sustained during the shelf time.

Studying about functional wound dressings with rapid
hemostasis and antimicrobial efficiency is necessary
for the managing of severe bleeding wounds. In
general, cotton dressings are used in clinical practice;
but, few number of dressings may concurrently have
antimicrobial properties and fast hemostasis. Zeng et
al. in 2023 developed a versatile cotton dressing in
name of (GCQCNF-5) by deposition catechol
modified quaternary chitosan (CQCS) and gelatin
onto a cotton nonwoven fabric surface. They reported,
cause of presence of a gelatin sponge layer with
suitable thickness and porosity on its surface,
GCQCNF-5 exhibits a particular enhanced
hemostatic effect compared to raw nonwoven fabric
both in vitro and in vivo, which is even somewhat
superior to a commercial gelatin hemostatic sponge.
They reported by exerting a rapid hemostasis effect,
GCQCNF-5 can exploit catechol modified quaternary
chitosan to apply excellent immediate antimicrobial
and long-lasting bacteriostatic properties. By in vivo
wound healing experiments they indicated that
GCQCNF-5 could significantly promote rapid healing
of infected wounds by effectively sterilizing, absorbing
exudates, and providing moist healing environments
[84].

Generally fibrous biomaterials are used for
manufacturing of antibacterial wound dressings.
Antibacterial and probiotic therapies can be used for
preparing anti-infective dressings may have side-
effects and biotoxicity. Zhang et al. in 2023 reported
a method for fabricating wound dressings to combat
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infection. They claimed that Poly(4-methyl-1-pentene)
(PMP) fabric can remove bacteria from infectious
wounds through dressing changes based on its
efficient bacterial adhesion. Also, they reported PMP
fabric could inhibit the twitching motility of bacteria,
which is beneficial for inhibiting infection. In a rat
wound model, ability of the Poly(4-methyl-1-pentene)
fabric was demonstrated in vivo for wound healing
acceleration. They reported, by treating with the PMP
fabric dressing, pathogenic bacteria in the wound
were removed through dressing change; therefore,
the wound exhibited better healing speed than when
the commercial dressing was used. The low bacterial
concentration effectively stimulated the expression of
growth factors and inhibited wound inflammation and
accelerating wound healing. They claimed that PMP
fabric has been approved for use in clinical treatment
by the Food and Drug Administration, no antibacterial
agent or probiotics were used for preparation and the
fabric could be manufactured through an industrial
production process [85].

Clove (Syzygium aromaticum) is one of the useful
herbal medicines to prevent the bacteria infection.
The extract of Clove has phenolic compounds such
as eugenol and this plant have great antioxidant,
antimicrobial and anti-inflammation properties.
Parham et al. endeavored to develop the flexible
cellulosic textile nanocomposite by dipping the
cellulosic textile in a nano emulsion containing clove
herbal medicine (32%wt). This clove treated textile
improve the in vitro cellular compatibility and in vivo
wound healing and approximately 85% of the
procedure of wound was mended in14 days [86].

In the other research in 2019, a wound dressing able
to release chlorhexidine (CHX) as antiseptic agent,
ensuring long-lasting antibacterial efficacy during the
healing was designed by Aubert-Viard et al [87]. In
similar research, the sandwich-like composite
hydrogel wound dressings were settled by adding
nonwoven fabrics for interior layer and chitosan and
gelatin hydrogel treated with Centella asiatica as a
base material. After treating with Centella asiatica,
the treated wound dressing revealed brilliant
antibacterial activity and drug release properties. This
work indicates that the nonwoven composite
hydrogels have wide application in the field of medical
care in the future [88].

APPLICATIONS OF SMART MATERIALS
IN WOUND CARE

Topical improvements on dressings like hydrogel
dressings using combined treatment functions and
monitoring, using intelligent materials or sensors to
sense modifications in the wound situation and
wound healing are ongoing. These dressings support
reactive treatment for wound healing and are able to
carry out dynamic treatment soon enough to
successfully help wound healing. Some dressings
can monitor and observe wound status and afford



Fibres and Textiles 31(1), 2024, 13-25

tailored treatment, for example temperature, pressure,
pH and glucose sensitive dressings [25]. Developing
smart dressing integration can help prevent
amputations and ulcers and speed up the healing
process. Recently, for smart wound dressings,
researchers suggested bio-sensing technique for
chronic wound environment condition. Some
biomarkers recognized as probable indicators for
treatment of non-healing chronic  wounds.
Biochemical and physical biomarkers are the two
main categories. Biochemical marker classified as
cytokine, enzyme, metabolic byproduct and pH and
some physical markers classified as temperature,
pressure, moisture content that can be converted into
calculable electrical signals. Ginanini et al. reported
that the chronic wound environment can be sensed in
real time and the creation of a feedback system can
measure the healing process [89]. Magnetization of
cellulose fiber using CoFe204 as smart wound
dressing was studied by Williams et al. in 2019 for
healing monitoring ability. They concluded that
prepared magnetic dressing can be used as a smart
wound dressing concerning wireless magnetic
announcement for tele-monitoring wound healing
procedures [90]. Ghaderi and Afshar in 2004 [91]
reported about honey application for skin wound
treatment. Honey can accelerate the wound healing
process and improve the formation of granulation
tissue, keratinization of the wound surface, and the
thickness of the basement membrane and epidermis.
Honey can decrease inflammation, infection, edema,
and improved resilience, ultimate tensile strength and
toughness of wound. Nazeri et al. in 2015 reported
about a honey-based alginate hydrogel for wound
dressing [92]. Silver and silver derivatives have been
used as an antimicrobial agent for many years, and
the medicinal use of silver is not a new tactic. Metallic
silver or silver nitrate was used for skin infection
treatments and chronic wounds. Silver in ionized form
and nanosilver shows excellent antimicrobial and
antifungal properties and can be used to coat medical
devices. Silver can be used in wound dressing's
compound for healing the contaminated wounds [93].

Elsaboni et al. in 2022 focused on the design and
fabrication of flexible textile-based protein sensors to
be embedded in wound dressings. Chronic wounds
need continuous monitoring for preventing additional
difficulties and determining the best treatment in the
case of infection. For the progression of wound
healing, proteins are necessary and can be used as
an indicator of wound status. By measuring protein
concentrations, the sensor can monitor the wound
condition continuously as a function of time. The
protein sensor has electrodes printed on polyester
fabric by silver and carbon composite inks. Currently,
this is a collective backing fabric used for wound
dressings. They concluded that, the best sensor
design is comprised of silver conductive tracks but a
carbon layer as the working and counter electrodes
at the interface zone [94]. At least, much more

22

research is needed for wound dressing and effective
materials for wound healing.

CONCLUSION

Newer wound dressings create an ideal atmosphere
in which cells can move freely. Because oxygen
circulates efficiently throughout the wound in a moist
atmosphere, bacterial growth is low and tissue
renewal is faster. Large series of wound dressings
have been developed because no single dressing is
suitable for the treatment of different wounds. Wound
healing procedures have different phases that require
different dressings for each phase. In moist wound
controlling, textile dressings can be used as
advanced fibers like chitosan or alginate fibers, or the
textile dressing can be coated and modified with
several ingredients such as hydrogels or honey for
achieving distinctive properties such as drug release
or better hydrophilicity. Generally, different types of
textiles such as nanofibers, filaments, yarns, woven,
nonwoven and composite textiles can be used in
wound-dressing products. In  summary, textile
materials and composite structures will continue to be
one of the physical solutions for the care of people
with wounds.
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ABSTRACT

Water repellent fabrics are always used for washable medical mask production to keep them from the
bacterial liquid during use. Choosing the right water repellent which is efficient and suitable for fabric is
important in washable medical mask production. The water-resistant treated fabric needs to keep its water
repellent for many washed cycles. Moreover, their physico-mechanical properties such as air permeability
and thickness must be less changed. In this study, four commercial water-resistant chemicals (Ruco—Coat
BC 7068, TP — Phob FC 2904, Phobotex RHP Hydrophobic Agent, Ruco-guard AFB60) were used to treat
the 100% polyester woven fabric to examine the influence of the type and concentration of the water-
resistant chemicals on water repellent capability of the polyester woven fabric. The fabric thickness and the
air permeability of the untreated and treated fabric were investigated. The SEM, FE-SEM analysis, and the
FTIR spectra were used to find the differences between the initial and treated fabric. The results showed
that the water-resistant type influenced the water repellent capability of fabrics and their duration. Among
four investigated water resistance, the TP — Phob FC 2904 presented the best water resistance for treatment
of the 100% polyester woven fabric, and its concentration of 50 g/l has maintained 85 % fabric water repellent

capability after 25 washed cycles.
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INTRODUCTION

Medical textiles are considered personal protective
clothing for healthcare in the medical sector,
specifically to mitigate the risks from exposure to
hazardous substances including body fluids, and to
minimize the risk of cross-infections.  Medical
protective clothing, usually made from synthetic fabric
such as polyester because of better liquid barrier
properties, could be manufactured using nonwoven,
weaving, or knitting technologies. Fluid repellent
finishing can be used for getting water repellent
fabrics [1, 2].

Water repellent textiles are often high-density woven
fabric which is made of very fine yarns or common
fabrics with treated hydrophobic surface to keep the
fabric pores which are not filled during the treatment
processes. A water repellent fabric may be quite
permeable to air and water vapor so in a wet
environment, it can keep the wearer dry due to their
water repellent capability. Water repellent garments
are designed for use that protects the human body
from the water and many harmful agents and but let

effective transmission of moisture vapor from the
inner to the outside atmosphere. The applications
may range from their well-known use in leisure
clothing, and industrial and military applications to
specialized medical products such as washable
medical masks [1-4].

Many researchers have investigated the different
kinds of water resistant agents for fabric [5-9]. Weixia
Zhu et al. have fabricated the fluorine-free breathable
poly(methylhydrosiloxane)/  polyurethane fibrous
membranes with water resistant capability based on
the hydrophobic matrix and small pore size [5]. The
authors have studied the morphologies, porous
structure, surface wettability also tensile strength of
the fabric. Indrajit Bramhecha et al. have used the
citric acid-based polyol to synthesis waterborne
polyurethane for antibacterial and water-repellent
cotton fabric [6]. The author has reported that
waterborne polyurethane coated cotton fabric was
unchanged in tensile strength and crease recovery
angle but it's excellent water repellency (100+ cm of
water pressure by test using Shirley hydrostatic head
tester in cm of water pressure as prescribed in ASTM
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D4491) was obtained. Guangming Pan et al. have
studied the stable polydimethylsiloxane (PDMS) -
copper stearate (CuSA2) coating on cotton fabric by
a simple in-situ growth and dip-coating method [7].
The sample has inherent mechanical durability, UV
resistance, and high oil-water separation efficiency.
Y Su et al. have investigated the effect on the thermal
protective performance of single- and double-layer
fabric systems [8]. In their work, a hot water and
steam tester was used to examine the thermal
protective performance of treated fabric against hot
water and steam hazards. P. De et al. have used the
perfluoroalkyl-type fluorocarbon-based compound
and fluorocarbon resin-type compound are used as
water-repellent, chemicals are applied by different
concentrations [9]. It was found that fluorocarbon
resin-type compound gives the best results for a
water-repellent finish. The water resistant agents in
these investigations were not the commercial type
which was always used in textile industries for the
production of washable medical masks.

Besides, the influence of fabric structure such as the
density, the used yarn, roughness, and the water
repellent type and their concentrations on the fabric
water repellent capacity have been reported [10-14].
Dunja Sajn Gorjanc et al. have investigated the
influence of elastane incorporation in the weft
direction of cotton fabrics, and the structural
properties such as fabric density and type of weave
(plain and twill) on the water vapor resistance of the
elastic and conventional cotton woven fabrics [11].
Gulay Ozcan has investigated the effects of water
repellent finishes on plain woven fabrics in two blends
(100% cotton and 50/50 cotton/polyester) [12]. The
research has studied the influence of three kinds of
commercial water repellent (Fluorocarbon-based
water repellent, Chromstearylclorur-based water
repellent, and 3XDRY smart water repellent) on the
woven fabric properties such as breaking strength,
abrasion resistance, pilling, light fastness, wetting
time. The author reported that the water repellent type
and their concentrations were very important
parameters that effect on woven fabric properties:
Fluorocarbon-based water repellent showed the most

efficacy on fabric water repellent of both fabrics (100%

cotton and 50/50 cotton/polyester). However, the
research did not report the air permeability of the
treated fabric which was always an important property
for the water repellent fabric. Alain M. Jonas et al. has
studied the theoretical and experimental methods to
quantitatively evaluate the water repellency of woven
fabrics coated by hydrophobic formulations (Wax-
modified melamine resin, Silicone rubber,
Perfluorobutyl-modified polyurethane) [13]. The
research was based on the relationship between the
woven fabric roughness and its water repellency. The
authors have investigated the surface roughness of
eight different woven fabrics and their water
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repellency after having been coated by wax-based,
silicone-based, or perfluorobutyl-based commercial
polymer formulations. The result showed that the
fabrics with roughness lower than the critical value
(which was 1.22 in the research conditions) have
partially wet state with a substantial pinning of the
droplets on their surface and an absence of roll-off
whatever the type of hydrophobic coating. Above this
critical value, the fabrics became superficially wet
with contact angle controlled by the amount of air
trapped in the texture which depends on the wetting
hysteresis of the coating material. Beysim Garip et al.
have studied the water repellency of woven fabrics
prepared from polyester filament yarns [14]. Yarns
containing water repellent additives (0%, 3 %, 5 %,
and 8% in weight) were produced by melt spinning
method using polyester chips. Eight different yarns
were produced that included 4 types of polyester yarn
(PO, P3, P5, P8) and 4 types of textured yarns (TO,
T3, T5, T8). Plain woven fabrics were weaved from
these yarns. Then, the water repellency, tensile, and
air permeability tests of the fabrics were measured.
The authors reported that the yarns added water-
repellent additive did not show an effective water
repellency performance. The reason was the low
percentage of additives in the yarns. Meanwhile,
when the coating repetition increased (1, 3, and 5
times water-repellent finishing), the water repellency
of the fabrics improved and air permeability
decreased by approximately 80% as the number of
coatings increased to 5 times.

Even though research papers can be found that
compare the effectiveness of commercial water-
repellents, most authors do not emphasize the
preservation of breathability and water vapor
permeability of fabrics, as well as the resistance in the
washing of the applied treatment.

That is why the scope of this paper is to investigate
the water-repelled capability of polyester fabric
treated by chosen commercially water-repellent
chemical solutions. The effect of the type of water-
repellent solution on fabric water-repellent capability,
fabric thickness, and fabric air-permeability is studied.
Moreover, the effect of the type of water-repellent
chemical on the durability of the applied treatment
was analyzed. Based on the results, the most
effective chemical concerning fabric repellent
capacity and fabric air permeability was chosen and
different concentrations of this chosen water-
repellent chemical were studied concerning fabric
repellent capacity and durability of the applied
treatment during washing cycles. As a substrate
polyester fabric was chosen and the treatment was
applied by the pad-dry-cure method, described as
commercial water-resistant chemicals are often used
on textile industrial scale, especially for the washable
medical mask.
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Table 1. Technical parameters of the investigated polyester fabric.

Fabric density

Yarn count [tex]

Fabric density
[yarns/10 cm]

mass [g/m?] Fabric thickness [mm)] ]
Warp filament Weft staple Warp Weft
yarn yarn
235.00 0.54 16.66/2 19.68/2 321 232
MATERIAL AND METHODS repellent chemicals were used with the same
. concentration of 30 g/l for every padding solution. The
Materials padding conditions were as described in the above

The 100% polyester woven fabric (twill weave 2/1 Z)
has been used for this investigation. Their technical
parameters are presented in Table 1.

The study used four water repellent chemicals: Ruco
— Coat BC 7068, a non-fluorocarbon hyperbranched
and linear cationic polymer from Rudolf Group
(Germany) [17]; TP — Phob FC 2904, a fluorocarbon-
based water repellent from Truongphat JSC (Vietnam)
[18]; Ruco-guard AFB6 conc from ODG Company
(Taiwan) [19], Phobotex RHP Hydrophobic Agent, a
non-fluorinated water repellent from the Huntsman
(Germany) [20] and the cross link Phobol extender
xan, a dispersion of an oxime-blocked polyisocyanate
from Huntsman (Germany) [21]. The chemicals were
used as supplied without any further purification.

Methods

The pad-dry-cure method has been used in the
research. The woven fabric (100% polyester) was
pre-treated (desizing and washing at 80 °C for 20
minutes) and then cut into samples of 40 cm x 20 cm.
The samples were then kept in the standard condition
(temperature at 21 £ 2 °C (70 £ 4°F), relative humidity
of 65 + 5%) for at least 4h before testing.

Water repellent chemicals with suitable concentration,
the cross link Phobol extender xan (15 g/l), and 0.15
ml of acid acetic were added to the padding solution
to obtain the pH of 5 to form the padding solution. The
concentration of water repellent chemicals was
prepared depending on every investigation.

The padding machine model Rapid (Taiwan) was
used. Every fabric sample was passed the padding
solution then they were pressed with the pressure of
0.8 kg/cm? (80% pressure level) followed by a drying
process at 150 °C for 60 seconds. After that, the fabric
samples were cured at 190 °C for 60 seconds. The
padding conditions were chosen based on the textile
industrial scale (Textile Namdinh factory, Vietnam)
where the washable medical masks were fabricated.

Influence of the water-repellent type on the fabric
treated water repellent capability and its duration after

washed cycles
To investigate the influence of water repellent

chemical type on the water resistant capability and its
duration of fabric treated water repellent, four water
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section.

The fabrics treated with the water-repellent chemical
then have been washed by the standard ISO
6330:2012 using washing machine Type C (Vertical
axis, top-loading pulsator machine) with the washing
procedure 4M (washing at 40 °C £ 3 °C, 40 liters of
water for 6 minutes, spinning for 3 minutes; rinsing
with 40 liters of water for 2 minutes, spinning for 3
minutes). The water repellent capability of the treated
fabric was evaluated after 5, 10, 15, 20, and 25
washed cycles by the Spray Test AATCC 22-2017 to
choose the best water resistant chemical for further
research.

The SEM image, the thickness, and the air
permeability of initial and treated fabrics were
investigated to examine their differences. The fabric
thickness was measured by ASTM D1777- 96 (2011),
each sample was measured in ten positions and their
mean value was taken. Fabric air permeability had
been determined by the standard ASTM D 737: 2004.
SDL Atlas AirPerm Air Permeability Tester was used
with a 20 cm? test head and pressure of 100 Pa. Each
sample had been measured in five positions and their
mean value was taken.

The ATR-FTIR analysis of the chemicals and the
fabric before and after being treated by the best water
repellent was carried out using an FTIR spectrometer
(Thermo Scientific Nicolet iS50, USA) by recording 64
scans in transmittance mode [%].

Influence of the concentration of water repellent on
the water repellent capability and duration of treated
fabric after washable cycles

The best water repellent chosen from the first
investigation would be used with 5 different
concentrations (10 g/l, 20 g/l, 30 g/l, 40 g/I, and 50 g/l)
for treating the woven fabric (table 1) with the same
concentration of the cross link Phobol extender xan
(15 g/l) and 0.15 ml of acid acetic was added to obtain
the pH of 5 for the padding solution. The padding
conditions were described above.

The fabric treated by water repellent chemicals has
been then washed by the standard ISO 6330:2012.
The water repellent capability of the fabric was
evaluated after 5, 10, 15, 20, and 25 washed cycles
by the Spray Test AATCC 22-2017.
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Table 2. Ratings of the water repellent by Spray Test AATCC 22-2017 standard.

Ratings Signification
100 Not sticking or wetting of the specimen face
90 Slight random sticking or wetting of the specimen face
80 Wetting of the specimen face at the spray points
70 Partial wetting of the specimen face beyond the spray points
50 Complete wetting of the entire specimen face beyond the spray points
0 Complete wetting of the entire specimen face

Table 3. Influence of the water repellent type on the fabric water repellent capability.

Order Water resistant chemical Fabric wat.e_r regellent Image
capability [%]
1 Before treating 0
2 Ruco — Coat BC 7968 85
3 TP — Phob FC 2904 100
4 Phobotex RHP Hydrophobic Agent 70
5 Ruco-guard AFB6 conc 95
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Table 4. Influence of the water resistant type on the fabric water repellent capability after washed cycles.

Washed cycles (time)
Order Water resistant chemical 0 5 10 15 20 25
Fabric water repellent capability
1 Ruco — Coat BC 7068 85 80 80 75 70 65
2 TP — Phob FC 2904 100 100 90 85 80 75
3 Phobotex RHP Hydrophobic Agent 70 70 65 60 60 50
4 Ruco-guard AFB6 conc 95 85 85 80 75 70

Evaluation of the water repellent capability fabric

The water repellent capability of the fabric was
evaluated by the Spray Test AATCC 22-2017
standard (Table 2).

Verification _of water repellent chemicals in treated
fabric

The morphology of fabric surface was analyzed by
Scanning electron microscope (SEM) and by Field
emission scanning electron microscopy (FE-SEM).
SEM was used to examine the change of the fabric
surface after treating water resistant and FE-SEM
(model JSM 7600 USA) was used to determine the
presentation of Flour element. Scanning electron
microscope (SEM) JEOL JSM7600F, USA was used
at working conditions of 5.0 kV; LM mode; WD 4.4
mm. The observation was captured at magnifications
of x1000 to observe the fabric surface before and
after treating water repellent then the capture at
magnifications of x 50 000 was carried out for the
detail examination of the fabric surface.

RESULTS AND DISCUSSION
Influence of the water repellent type

Influence of the water repellent type on fabric water
repellent capability

The 100% polyester woven fabric was treated with
four types of water resistant (Ruco — Coat BC 7068,
TP — Phob FC 2904, Phobotex RHP Hydrophobic
Agent, Ruco-guard AFB6 CONC) with the same
protocol described in the methodology part where
four water resistant chemicals were used with the
same concentration of 30 g/l. The fabric water
repellent capability was evaluated by the AATCC 22-
2017 standard (Table 2).

The fabric water repellent capability before and after
treatment by four water-resistant chemicals is
presented in Table 3.

The results showed the effect of the water resistant
type on fabric after treatment (table 3). All the water
resistant treated fabrics have increased their water

repellent capability from 70% to 100% in comparison
to the initial fabric sample which had the fabric water
repellent capability of 0 %. The water resistant TP —
Phob FC 2904 demonstrated the best with its fabric
water repellent capability of 100%. The fabric treated
by the Ruco-guard AFB6 conc, Ruco — Coat BC 7968,
and Phobotex RHP Hydrophobic Agent showed the
fabric water repellent capability of 90%, 85%, and
70%, respectively.

Influence of the water resistant type on fabric water
repellent capability after washed cycles

After water resistant finishing, the fabric samples
were washed by standard AATCC 187 — 2013 for 5
times, 10 times, 15 times, 20 times, and 25 times to
evaluate the influence of the water resistant type on
fabric water repellent capability after washed cycles.
The test was important for washable medical mask
production, where the fabric water repellent capability
needs to be kept as long as possible during use. The
results were shown in Table 4.

It could be seen that the increase in the number of
washed cycles caused the diminution of the fabric
water repellent capability which was influenced by the
type of water resistant chemical. After washing cycles
5 and 25, the fabric water repellent capability was 70%
and 50%; 80% and 65%; 85% and 70%; 100% and
75% for the Phobotex RHP Hydrophobic Agent, Ruco
— Coat BC 7068, Ruco-guard AFB6 conc and TP —
Phob FC 2904, respectively. The water resistant TP
— Phob FC 2904 showed the most efficacy in water
repellent capability for 25 washed cycles.

The initial fabric and the treated fabrics were then
observed by SEM to examine the change in the fabric
surface after treatment (Fig. 1).

In the surface of the fabric sample treated by Ruco —
Coat BC 7068 and Ruco-guard AFB6 conc water
resistant, a number of small particles could be
observed (Fig. 1). These particles appeared less in
the fabric sample treated by Phobotex RHP
Hydrophobic Agent and by TP — Phob FC 2904 water
resistant.
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(d)
Figure 1. SEM images of fabric surface before and after treatment by the water resistant: (a) initial fabric, fabric treated by (b) TP — Phob
FC 2904, (c) Phobotex RHP Hydrophobic Agent, (d) Ruco — Coat BC 7068, (e) Ruco-guard AFB6 conc.

0.56
0.55

0.54 0.54

0.54

0.53 0,52 0,52
0.52 L

0.51

0.50

0.49

0.48

Initial fabric Treated by TP— Treated by Treated by Treated by
Phob FC2904 Phobotex RHP  Ruco-guard Ruco— Coat BC
AFB6 conc 7068

Fabric thicness [mm]

Fabric samples

Figure 2. The fabric thickness before and after treatment by the water resistant.
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Figure 3. The fabric air permeability before and after treatment by the water resistant.
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Table 5. Fabric water repellent capacity using different concentrations of TP-Phob FC 2904 chemical.

Fabric water
Order Water resistant concentration [g/l] repellent capability
[%]
1 0 0
2 10 80
3 20 90
4 30 100
5 40 100
6 50 100

There were nearly no particles observed in the initial
fabric surface. The water repellent may not be well
reacted with fabric, and they rested in the fabric
surface as small particles. By this hypothesis, the
fabric sample treated by TP — Phob FC 2904 water
resistant was considered the best, and the water-
resistant chemical could become the thin membrane
in the fibre surface, which improved the best fabric
water resistant capability as the above results (table
3 and table 4). Further tests and explanations were
carried out in the following sections to demonstrate
this supposition.

The fabric thickness (Fig. 2) and the air permeability
(Fig. 3) were examined to evaluate the influence of
four water resistant types on the fabric properties
after water repellent finishing.
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The fabric thickness was diminished from an initial
0.54 mm to 0.52 mm, 0.51 mm, and 0.52 mm for the
fabric treated by Phobotex RHP Hydrophobic Agent,
Ruco — Coat BC 7068, and Ruco-guard AFBG6
respectively (Fig. 2). Meanwhile, it rested unchanged
while the treatment was carried out by the TP — Phob
FC 2904 water resistant. So, the fabric may keep its
soft and porosity after finishing by TP — Phob FC 2904
because its volume was almost unchanged. The test
of air permeability could verify this hypothesis (Fig. 4).

The initial fabric showed a low level of air permeability
with 78.3 I/m?/s which lightly decreased to 68.5 I/m?/s
when treated by TP — Phob FC 2904. The values
diminished strongly to 65.5 I/m?/s, 57.3 I/m?/s, and
63.5 I/m?/s when fabric was treated by the Phobotex
RHP Hydrophobic Agent, Ruco — Coat BC 7068 and
Ruco-guard AFB6, respectively. The fabric air
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Figure 4. Influence of the water resistant concentration on fabric water repellent capability after washing cycles.

permeability demonstrated that the fabric treated by
TP — Phob FC 2904 had the most porosity, so it
showed the highest thickness as discussed above.
We supposed that the TP — Phob FC 2904 reacted
only to the fibre surface but not between fibres and
yarns, so it may prevent water absorption throughout
the fibres while the fabric thickness and porosity were
kept unchanged.

The result showed that the water resistant TP — Phob
FC 2904 was the most effective among the four
investigated water resistants with the highest water
repellent and air permeability as explication above.
The order of the water repellent capability of the fabric
samples (Table 3 and Table 4) was the same order of
quantity of the appeared particles on the fabric
surface (Fig. 1), which unified to the order of the fabric
thickness (Fig. 2) and fabric air permeability (Fig. 3).
So that the water resistant TP — Phob FC 2904 was
chosen for our further research.

Influence of the water resistant

concentration

Influence of the water resistant concentration on
fabric water repellent capability

lIn this research the fabric samples were treated by
the water resistant TP — Phob FC 2904 with 5
concentrations of 10 g/l, 20 g/l, 30 g/l, 40 g/l, and 50
g/l in the same technological conditions: pressure
level of 80%, drying at 150 °C for 60 seconds and
curing at 190 °C for 60 seconds. The fabric water
repellent capability was evaluated by the standard
AATCC 22-2017 before and after treatment by the
water resistant TP — Phob FC 2904. The results are
presented in Table 5.

The results showed that in applying the water
resistant TP — Phob FC 2904 at a concentration of 30

[9/l] the fabric water repellent capability reached 100%

and the same level was obtained for the
concentration of 40 g/l and 50 g/I. The influence of the
water resistant concentration on fabric water repellent
capability after washed cycles has been carried on in

the following research to find the suitable

concentration.

Influence of the water resistant concentration on
fabric water repellent capability after washed cycles

The 100% polyester fabric samples were treated by
water resistant TP — Phob FC 2904 with 5 different
concentrations (10 g/l, 20 g/l, 30 g/l, 40 g/I, and 50 g/l)
and by the same technological condition: the
pressure of 0.8 kg/cm? (80% pressure level); drying
process at 150 °C for 60 seconds; curing at 190 °C
during 60 seconds. The fabric samples were washed
by the standard AATCC 187 — 2013 with a different
number of cycles: 5, 10, 15, 20, and 25 times to
evaluate the influence of the water resistant
concentration on fabric water repellent capability after
applied washing cycles (Fig. 4).

The results showed that the water resistant
concentration had influenced the fabric water
repellent capability which decreased after washed
cycles. The fabric water repellent capability before
washing, after 5 washed cycles, and after 25 washed
cycles were 80%, 75%, and 50 %; 90%, 80%, and
65%; 100%, 95%, and 75%; 100%, 90%, and 80%;
100 %, 90% and 85% for the water resistant
concentration of 10 g/I, 20 g/l, 30 g/l, 40 g/l, 50 g/l
respectively. So, the concentration of 50 g/l presented
the best duration of fabric water repellent.

Morphology and EDX analyses of the
fabric surface

Morphology analyses of the fabric surface before and
after treatment by the water resistant

The 100% polyester fabric samples were analyzed by
SEM with magnification x1000 (Fig. 5(a) and Fig. 5(c))
and x50 000 (Fig. 5(b) and Fig. 5(d)) to observe the
fabric surface change after water resistant treatment.
In fact, with the magnification scale x 1000 and x 50
000, only the fibre surface of yarn from fabric could
be observed.
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Figure 5. SEM images of: (a,b) the initial fabric and (c,d) TP — Phob FC 2904 water resistant treated fabric.

The results showed that there was no clear difference
between the treated fibre surface and the initial fibre
in the SEM image with a magnification of 1000, but at
the magnification of 50 000, the fibre surface smooth
could be observed before treatment and a thin
polymer membrane was appeared in the fibre surface
after treating. The thin polymer membrane may be the
water resistant chemical that helps to improve the
fabric water repellent capability as the hypotheses
indicated above.

To demonstrate the presentation of TP — Phob FC
2904 water resistant chemical in the fabric surface,
the treated sample fabric then was measured the
chemical element content by FE-SEM analysis (Fig.
6).

EDX analysis of the fabric surface before and after
being treated by the water resistant

EDX is proven as an effective technique for the
elemental analysis of a given material. In this case,
the EDX spectrum of the initial fabric showed that
before water resistant treatment, the fabric sample
surface consisted of only carbon and oxygen
elements with 69.4 % and 30.6 %, respectively. They
are the chemical contents of polyester fabric. The
element content fabric became 74.1%, 20.9 %, and
5.0 % for carbon, oxygen, and fluor, respectively after
water resistant treatment. The fluor element was the
content of the water resistant TP — Phob FC 2904,
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and the apparition of this element at 0.35 keV in the
treated fabric sample demonstrated the membrane in
the fabric was the water resistant TP — Phob FC 2904
as observed by the SEM images. That was the
reason which improved the fabric water repellent.

FTIR spectra were obtained for TP-Phob FC 2904
water resistant, cross link P E xan, initial fabric, and
the treated fabric to examine the chemical differences
between the blank and the treated fabric (Fig. 7). The
FTIR spectrum revealed that the intensity of the band
frequency at 1504 cm™" which were assigned to the
C—H stretching vibration of the skeletal vibration of
the aromatic systems in the polyester chains was
almost not different for the initial fabric and the treated
fabric. The peak at 1715 cm™' showed C=0 vibration,
at 1409 cm of the aromatic ring, 1338 cm™" showed
carboxylic ester, and at 1021 cm™ indicated the
presence of O=C—O-C or secondary alcohol. The
peak at 967 cm™ was attributed to the C=C stretching
vibration [15-16].

The assignments of FTIR spectra of untreated fabric
and TP-Pho FC 2904 water resistant treated
polyester fabric with the same intensity of the typical
pick of polyester fabric suggested that there were no
clear chemical interactions during fabric padding or
the concentration of TP — Phob FC 2904 chemicals
was too small to reveal the chemical differences
between the blank and the treated fabric.
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Figure 6. EDX spectra of 100% polyester fabric before (A) and after water resistant treatment (B).
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Figure 7. FT-IR spectra of initial chemicals and of the fabric before and after TP- Phob FC 2904 water resistant treatment.

CONCLUSION

The water resistant type influenced the water
repellent capability of fabrics and their duration.
Among four investigated commercial water
resistance, the TP — Phob FC 2904 gave fabric the
best water repellent characteristic and the best air
permeability with almost unchanged fabric thickness
for the 100% polyester woven fabric. The water
resistant TP — Phob FC 2904 concentration of 50 g/l
was the most efficacy with 85 % water repellent
capability after 25 washed cycles. The SEM image
showed the membrane in the surface fabric after
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water resistant treatment and EDX spectra
demonstrated the apparition of flour element (5% in
w/w proportion) which came from water resistant TP
— Phob FC 2904 in the treated fabric. So, we could
conclude that the water resistant TP — Phob FC 2904
was presented in the fabric surface, even in the fibre
surface and it improved the efficacy of the water
repellent characteristic for the 100% polyester woven
fabric in the study.

Acknowledgement: The authors are thankful to the
Ministry of Science and Technology (Vietnam) for funding
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ABSTRACT

This study compares the airflow resistivity and acoustic properties of fibre-reinforced plastic composites
(NFRP) with different mixing ratios of polylactic acid (PLA) and the natural fibres flax and cotton for the
application in construction as lightweight structures, car door linings or seat pans. The composites are made
from the binder fibre PLA, the bast fibre flax and two different kinds of cotton. Nonwovens are consolidated
with a thermoforming process to manufacture the NFRP. The addition of cotton improves the absorption by
increasing the number of air pockets (pores) and reducing their shape due to the fineness of the cotton. The
airflow resistivity of samples with different mixing ratios were analysed and compared. The airflow resistivity
is modelled with different calculation models that use distinct material parameters and the transferability is
assessed. Further, the absorption coefficient is analysed and compared to the airflow resistivity. The study
shows that there is a dependency of the two parameters.
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INTRODUCTION

Fibre-reinforced plastics made from degradable and
renewable raw materials are gaining popularity as
sustainable alternatives to materials derived from
petrochemicals. Natural fibres contain better
hygrothermal properties than petrochemical-based
materials [1]. Furthermore, materials derived from
petroleum are susceptible to price fluctuations of
crude oil, are not renewable, and are predominantly
non-biodegradable. On top of that fossil-based
products are finite, which creates a need for
alternatives [2, 3]. The production of petrochemical
materials, as well as their recycling, requires a great
deal of energy.

The construction industry is a major consumer of raw
materials with 50% of the total consumption, while
generating around 60% of the total waste. Only about
10% of the total amount of construction materials
needed annually can be recovered [4]. The life-cycle
impacts of natural fibres are significantly lower
compared to synthetic materials [5]. Acoustic
materials made from cellulose and other natural fibres
have less embodied energy than polystyrene [6]. The

* Corresponding author: Stehle F., e-mail: Stehle@Faserinstitut.de
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primary energy demand of cellulose fibres is
approximately 90% less than of polyurethane rigid
foam and 60% less than of rock wool [7].

This highlights the urgent need for a structural shift
from petroleum-based products to a bio-based
industry. The demand for products made from
renewable raw materials is steadily rising in order to
create more independence from fossil raw materials.

This study focuses on the development of industrially
compostable composites based on renewable
resources for the application in architecture as
lightweight structures, car door linings or seat pans.
The fibres utilized in this research are made of
renewable resources: the bioplastic polylactic acid is
produced from lactic acid through a fermentation of
sugar or starch [8]. The use of renewable raw
materials in the form of biopolymers offers the
possibility to reduce dependence on petroleum and to
use renewable resources instead [9-11]. Another
advantage of the bioplastic is the processing on
commercially available machinery [12]. Polylactide
can be composted in industrial composting plants
under the influence of defined moisture and
temperature. This produces mainly carbon dioxide
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and water, which can be returned to the natural cycle
[13]. Cotton and flax as natural fibres are also
biodegradable. Thus, the composite can be easily
composted on an industrial scale without the need of
prior separation. Combining natural fibres and PLA
has many advantages such as an improved tensile
and flexural strength, elastic modulus and heat
distortion [14].

Porous absorbers reduce the sound energy by
viscous effects and thermal losses. Throughout the
sound absorption, the energy of the sound migrates
through the component and viscous effects cause the
sound to be dissipated into heat, which is triggered by
friction, impulse losses and temperature fluctuations.
The developed absorber improves the acoustic by
effectively absorbing the sound within the component.
Finer fibres improve the viscous losses due to air
vibration, since they can shift easier when air
vibration occurs [15].

Absorbers partially reflect and absorb sound waves.
When sound waves impinge on a surface and are not
completely absorbed or reflected, transmission
occurs [16]. This principle is shown in the figure 1.

A parameter to classify the acoustic absorbency is the
absorption coefficient a. This value is defined by the
ratio of the absorbed and the occurred sound energy.
When a =0 no sound energy is absorbed, the
highest possible number 1 means, that all the energy
is absorbed [18].

This active principle is enhanced alongside the
thickness and fibre orientation by using an increased
fineness of the fibres, which increases the specific
surface area, whereby cotton with its unique
properties contributes to significant improvements:
Compared to other natural fibres cotton is finer,
making it an ideal choice for achieving an overall
weight reduction in the material [19]. The finer fibres
also influence the morphology of the material. The
application of fibres with a smaller diameter result in
smaller pores since a higher amount of fibres is
necessary to form the material with the same weight,
but increases the number of the pores and the
specific surface area while the volume density
remains identical. This results in a higher friction of air
molecules [20]. Both physical characteristics improve
the sound absorption [21-25]. The reason for this
improved absorbency is the possibility of the sound
waves entering the material, which reduces the
reflection on the surface of the material [15]. The
sound waves that enter the material trigger a vibration
of the fibres and pores and subsequently an energy
conversion into heat [18]. The combination of bast
fibres and cotton combines the fibre parameters.

This study describes and investigates the
representability of the airflow resistivity of NFRP with
models for fibre materials found in the literature. The
airflow resistivity can be calculated using parameters
such as the fibre diameter and density. Furthermore,
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Figure 1. Functional principle of an absorber adapted from [15, 17].

the airflow resistivity and the absorption coefficient of
the material are analysed. The relation of these
parameters is discussed.

MATERIALS AND METHODS

Manufacturing of the fibre-reinforced
composites

Fibres

The fibres utilized in this study consist of the matrix
fibre polylactic acid (PLA) as the matrix fibre, along
with bast fibres (LI) and cotton (CO). Specifically, the
PLA fibres used are the TREVIRA® 400 6.7 dtex
shiny rd 60 mm fibres, which possess optimal
characteristics for the nonwoven production due to its
crimping. The density measures at 1250 kg/m?. Flax
fibores were sourced as bast fibres. The fibre
diameters were measured with the optical measuring
system FibreShape resulting in a mean diameter of
86.16 uym. The length of the fibres ranges from about
10 — 100 mm with a density of 1400 kg/m?® [26].
Additionally, two different types of cotton fibres were
employed: long staple fibres from Giza and short
staple fibres from Mali. These fibres vary in terms of
fineness and length, allowing the evaluation of the
distinct influences of each fibre type. The Micronaire
which provides information about the maturity and the
fibre fineness amounts to 4.14 (Mali) and 4.54 (Giza),
the density to 1510 kg/m?® as described in [26]. The
diameters, also measured with the FibreShape are on
average 12.44 ym (Mali) and 12.30 ym (Giza). The
Upper Half Mean Length (UHML) of the short staple
fibore was measured at 29.54 mm, while the long
staple fibre length was 32.46 mm.

Nonwovens

The nonwovens were manufactured by using a
carding machine from TECHNOplants s.r.l. The fibres
were opened and blended to ensure a homogenous
mixture. Subsequently the carding machine
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processed the fibres into webs by individualizing and
parallelising the fibres. In the next step the webs were
cross-laid and needle punched to form a nonwoven.
The resulting nonwoven fabrics had a basis weight of
200 g/m? and a fabric width of 30 cm.

Nonwovens with various mixing ratios were
manufactured. Different amounts of matrix fibres (25,
50, 75%) were used as well as assorted amounts of
natural fibres. Test specimens without any cotton or
bast fibre content were also produced. Short- and
long-staple fibre cotton was also applied for the
samples. The nonwoven layers, each weighing 200
g/m?, were stacked to form a laminate structure prior
to the thermoforming process.

Thermoforming

The nonwovens were layered into laminate structures
prior to consolidation to increase the total surface
weight. Variations of nonwovens with different
blending ratios were also implemented. The
nonwovens were layered with a 0°/90° layer structure
(MD/CD) and then pressed. Different laminate
structures were produced. These consisted of four
layers of 200 g/m? each with a total basis weight of
800 g/m2 The properties of the composites are
depicted in Table 1.

Table 1. Parameters of the composites.

The NFRP were produced by consolidating the
nonwovens using a two-stage thermoforming
process. Two tools were utilised for this purpose: One
tool heated by a press melted the fibres under pre-
pressure. Subsequently the material was transferred
to another tool that consolidated the material by
cooling the fibres and thus hardening them. Both tools
consisted of a top and bottom plate that are fixed in a
press.

The pre-pressure applied to the material by the
heated tool was 50 bar. The materials were pressed
at 195°C for 10 seconds and then transferred to an
unheated press in which the material cooled and the
PLA hardens. Thus, the matrix fibore PLA, formed a
matrix around the natural fibres, which served as the
reinforcing fibres, and solidified the composite,
thereby forming a NFRP.

Analysing methods

Scanning electrode microscope (SEM)

The quality of the inner material was examined
microscopically in order to be able to optimise the
process quality. The degree of melting and the flow
behaviour of the melted thermoplastic PLA were
determined.

Mixing ratio Consolidation parameters
Materials Cotton Cotton Temperature Pressure )
PLA Flax (short staple) (long staple) P’C] [bar] Time [s]

1 25 75 - -

2 25 37.5 - 375

3 25 - - 75

4 50 50 - -

5 50 25 25 -

6 50 25 - 25 195 50 10
7 50 - 50 -

8 50 - - 50

9 75 25 - -

10 75 12.5 - 125

11 75 - - 25

30 pm

100 pm o

-

2 —25/37.5/37.5 PLA/LI/CO

|

Figure 2. SEM images of the cross-section.

8 - 50/50 PLA/CO

NS

11 —-75/25 PLAICO
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Table 2. Bulk and fibre density of the samples 1-11.

Samples 1 2 3 4 5 6 7 8 9 10 11

P [kg/m?] 664 591 520 717 732 770 650 745 902 891 875

pr [kg/md] 1363 1404 1445 1325 1353 1353 1380 1380 1288 1301 1315
Table 3. Calculated porosity of the samples 1-11.

1 2 3 4 5 6 7 8 9 10 11
0.51 0.58 0.64 0.46 0.45 0.52 0.52 0.46 0.35 0.31 0.33

The homogeneity and impregnation of the composite p=1-2= (1)
was also tested. Furthermore, the connection of the Pr

individual layers of the laminate structure was
investigated in order to detect possible air pockets or
defects.

Both the cross-section of the materials and the
surface were examined.

Figure 2 shows a selection of microscopic images of
the cross-section. On the top row the samples 2, 8
and 11 show the different proportion of the PLA
combined with cotton fibres, the bottom pictures of
the samples 2, 6 and 10 contain cotton fibres as well
as flax fibres.

The images show that the PLA fibres are
homogeneously fused. No accumulation of matrix can
be seen inside the material. The fibres are evenly
distributed. The fibres as well as the pores (dark
spots) contained in the material are homogeneously
distributed in the composite. Due to the layer
structure of MD/CD, the directions of the fibres are
recognisable, but the connection of the layers
appears seamless.

In the cross-section of the material, the SEM images
show that the pores are smaller and more frequent in
the material with a higher natural fibre content. When
the upper left image of sample three is compared to
the upper right image of sample 11 with a high
amount of PLA, the pores are significantly larger (see
marks). This has a positive effect on the acoustic
absorption.

The bulk density of the material p,, , which is
calculated by the mass [kg] and the volume [m?] of the
samples is pictured in the following table. The fibre
density pf is derived from the density of the fibres
according to the amount of fibre in each sample as
pictured in Table 1. For example, the fibre density of
sample 1 is 1363 kg/m?® since it contains 25% PLA
and 75% flax fibres. Samples with 50% cotton and
50% flax fibres as the natural fibre component include
the density of flax as well as of cotton in equal parts
and the respective amount of PLA. Those values are
also listed in Table 2.

The porosity ¢ of the material can be derived from the
bulk density of the material p,, of the samples and the
density of the fibres py as seen in (1) [27].
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The results from the calculation for each of the
samples are depicted in Table 3.

The porosity of the samples rises with a decreasing
quantity of the matrix. The specimen 1-3 with an
amount of 25% PLA have the highest porosity
compared with their respective samples. The natural
fibre content also has an influence on the porosity, as
sample with more cotton than flax fibres exhibit a
higher porosity. The highest porosity according to the
PLA amount is seen in the materials 3, 7, 8 and 11
containing exclusively cotton fibres.

Figure 3 shows the surface of the test specimen 2, 8
and 11 with different amounts of PLA. The matrix and
fibre distribution is mostly homogenous, a small
collection of PLA is visible on the surface of the
sample 11 with a higher PLA content. This can be
counteracted by reducing the consolidation time. On
the surface of the test specimens, it can be seen
clearly that the PLA matrix closes more of the surface
with a higher PLA fibre content and therefore reduces
the amount of the pores, thus increasing the airflow
resistivity. The lower the PLA amount, the more fibres
are visible on the surface.

Computed Tomography (CT)

The pores were examined by computed tomography
to evaluate the acoustic properties. The CT images
were taken with the GE Phoenix V by Baker Hughes
system. The measurement time was 20 seconds with
1801 projections.

The sectional image and the volume are shown in
Figure 4.

The areas shown in black are hollow spaces in the
material. Thus, it is clear that specimen 4 with a
mixing ratio of 50/50 PLA/LI has fewer but larger
pores than test specimen number 6 with 25% cotton.
This observation is also consistent with the analysis
of the SEM images. The surface remains open, which
preserves the air permeability.

Airflow resistivity

The airflow resistivity was tested according to DIN EN
ISO 9053-2:2021-02 Acoustics - Determination of
airflow resistance - Part 2: Air exchange flow method
[28], with the test device Nor1517A by the Norsonic-
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4 — 50/50 PLA/LI

6 — 50/25/25 PLA/LIICO

Figure 4. CT images of the sectional view (top) and the volume view (bottom) of the samples 4 and 6.

12000000
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2000000

Figure 5. Airflow resistivity of the specimen 1 -11.

Tippkemper GmbH. An air alternating current with a
frequency of 2 Hz is generated by means of a
pressure vessel and a piston. The alternating current
is detected by a microphone. The specific flow
resistance Rs [Pas/m] is measured, whereby the
airflow resistivity o [Pas/m?] is calculated by using the
thickness d [m] with

o=R,/d (2)
The measurements of the specimen are pictured in
Figure 5.
The airflow resistivity increases significantly with an
increasing proportion of PLA. Test specimens 1-3
with a PLA content of 25% have a lower airflow
resistivity according to the relating natural fibre

41

1 2 3 4 5 6 7 8 9 10 11

amount than test specimens 4-5 with a 50% PLA
content and test specimens 9-11 with a PLA content
of 75%. This is due to the fact that the matrix fibre
wraps around the natural fibres as a result of melting
during the thermoforming process and closes the
pores in the material and on the surface. This
behaviour is also visible in the SEM images in Figure
2 and Figure 3.

Materials with cotton have a higher airflow resistivity
than those with flax fibres. When compared,
specimens 1, 4 and 9 with flax fibres and specimens
3, 8 and 11 with cotton, it can be seen that the airflow
resistivity is significantly higher. The properties of
cotton, such as the fineness of the fibre and the
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increased crimping of this fibre, have a positive effect
on increasing the airflow resistivity.

Test specimens 5 and 7 with short-staple-fibre cotton
and 6 and 8 with long-staple-fibre cotton show that
the use of different breeds of cotton results in
difference of the airflow resistivity. This is due to the
properties of the fibres such as the fibre diameter, the
wax content or the maturity.

Acoustic properties

The absorption capacity was examined using an
impedance tube according to DIN EN ISO 10534-2
[29]. The absorption coefficient between the
frequencies 1000 and 6000 Hz was tested. The
sample is clamped in a Kundt's tube without any
compression in front of a reverberant wall. White
noise in the frequency range mentioned above is
excited via a loudspeaker. The acoustic wave is partly
reflected by the sample. Two microphones measure
the sound pressure, which is a superimposition of the
incoming and reflected waves. The absorption
coefficient a is calculated by the surface impedance
Zs and the reflection factor r as followed [30]:
1+ Z

©

The acoustic properties were determined based on
the absorption coefficient a. The Figure 6 pictures the
samples 1 — 11.

The absorption coefficient decreases with increasing
PLA content, which is due to the surface properties of
the specimens with a high matrix content. The higher
amount of the thermoplastic matrix reduces the
number of pores on the inside and on the surface of
the material which increases the reflection of the
sound waves. The air pockets inside the samples that
diffuse the sound waves are reduced significantly as
well. This is seen in samples 2, 6 and 10 with the PLA
amounts of 25, 50 and 75% and an even amount of
flax and cotton fibres. When comparing the samples
1, 4 and 9 with solely flax fibres as the natural fibre
component a similar effect is visible.

a=1-|r?andr =

0.5
—Material 1

—Material 2
Material 3
Material 4
Material 5
Material 6
--Material 7
Material 8
-Material 9
-Material 10
Material 11

2
'S

o
w

Absorption coefficient [-]

2000 3000

Figure 6. Absorption coefficient of the specimen 1 -11.
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The fibres of the samples 9, 10 and 11 that contain
75% PLA are well integrated into the thermoplastic
matrix, which leads to a low absorption coefficient, in
view of the fact that only a small amount of the sound
wave is able to enter into the material and less pores
can be found in the material.

Furthermore, the results show, that the material with
flax and 25% PLA has a lower absorption compared
to the samples which include cotton fibres. The
absorption coefficient rises with samples number 2
and 3. The reduced and larger pores of the material
with flax due to the larger fibre diameter reduces the
sound absorption.

Samples 4, 5, 6, 7 and 8 exhibit a large scattering of
the measurements. Nonetheless a rise of the
absorption is visible with an increasing amount of
cotton fibres.

Concisely materials with a higher amount of cotton
fibres exhibit better acoustic properties than those
with flax fibres because of the smaller fibre diameter
that results in more and smaller pores in the material.
The absorption coefficient rises with a decreasing
amount of PLA, since the absorber contains more
pores inside and on the surface of the material which
reduces the reflection.

The relation of the properties can be described as:
(4)
airflow

Qco = Cco+Lr = AL

Calculation models of the

resistivity

The airflow resistivity o is an indicator of the acoustic
properties of a material. By determining the airflow
resistivity, the absorption coefficient a can be
modelled to estimate the acoustic absorption. Equally,
it is possible to model the airflow resistivity of different
materials by incorporating different fibre properties
such as the density and fibre diameter. Further
parameters needed are the dynamic viscosity of air n
(0.82:106 Pas), the massivity y which can be derived
from the following equation [31].

u=1-¢ (5)

4000
Frequency [Hz]

5000 6000
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There are numerous papers that investigate the
correlation of the fibre parameters and the airflow
resistivity.

This study presents selected models to calculate the
airflow resistivity of fibres and assesses the
transferability of these models to NFRPs. The fibre
parameters applied for the calculation of the models
are listed in chapter 2.1.1.

Various models for calculating the airflow resistivity o
of fibre materials are described in [31] using empirical
data from Sullivan. The model (6), here called Mechel
Sullivan 1, considers fibre materials for parallel fibre
orientation, whereas different fibre radii are being
regarded. For this purpose, the parameters fibre
radius a [m] as well as the bulk density p,, and the
density of the fibres p, are used. The airflow
resistivity can be calculated from the dynamic
viscosity of the air n, the massivity y determined by
the porosity of the material as seen in equation (6).

10.56 247 4~ 6 - 10 [um]
_ a’ (1-p)*’
0= 7 /11.296
priempeti 20 — 30 [um]

(6)

For the application to the specimens produced in this
study, the model for fibre radii of 6-10 um is used for
the cotton content, the flax fibre content is applied to
the model with fibre diameters of 20-30 pm. An
interpolation is then carried out according to the fibre
proportions in order to obtain the result of the "o"
value.

Another model by Mechel Sullivan (7) (Mechel
Sullivan 2) considers fibre materials with mono-
valued fibre radii and random fibre orientation. This
model is also not designed for NFRP. The input
parameters are the fibre radius a as well as the
density p,, and the density of the fibres p, of the

material [31].
u?
(1—u)3] (7)

n ut/3
o=4% (0555 +2
The Ballagh model [21] is applied to the parameters
and compared with the test results. The model is
shown under (8). In addition to the density of the
material p,,, Ballagh uses the fibre radius to calculate
.

0=490p,,1*%*/10%q? (8)
Bies and Hansen [32, 25] work with glass fibres to
model the airflow resistivity through porous media by
applying the parameters density and the fibre radii.
The equation of the model can be seen in (9).

06=27.3 u1%3(n/4a?) 9)
Manning and Panneton present different models for
the prediction of the airflow resistivity from the density
and fibre diameter D [m] in their work [33]. The model
is adjusted to mechanically, resin and thermally
bonded fibres. (10) shows the equation for the
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thermally bonded fibres as this consolidation method
is closest to the method applied in this paper.

o= 1.94 10;3 pL;516 (10)
A model adjusted to multi component polyester fibres
is presented in [34]. Yang et al. use three different
kind of polyester fibres (regular, hollow and bi-
component fibres).

o= 1.3395 1D02—8 pi;505 (11)
The approach of a capillary channel theory to predict
the airflow resistivity is used by Pelegrinis et al. [35]
The porous media is portrayed as a conduit flow
between parallel cylindrical capillary tubes. This
model adapts the Kozney-Carman model [36] for
polyester fibres by an equation (12) that includes fibre
diameter and the density of the material, which is
used to calculate the massivity as seen in equation
and (5).

o= 1201 (12)
DZ
MODELLING OF THE AIRFLOW

RESITIVITY

The calculation models presented in chapter 2.3 were
applied to the manufactured test specimens and are
shown in the graph below. A comparison was made with
the test results of the front and back of the specimen.
These are also shown in Figure 7.

The results of the models follow a similar trend
compared to the airflow resistivity test results. However,
the test results achieve higher results than the modelled
values, which shows that the experimental findings
cannot be clearly mapped with the models used. This
means that there is a need for an adaptation or model
for NFRPs.

CONCLUSIONS

NFRP are often made with technical flax. It has been
demonstrated that replacing or supplementing the flax
fibre material with cotton fibres improves the acoustic
absorption of the materials. Increasing the amount of
natural fibres as well as the quantity of the cotton fibres
has a positive effect as well.

It is evident that the absorption coefficient and the airflow
resistivity increase by similar proportions with an
increasing cotton content (samples 1-3). The airflow
resistivity of the sample 2 is 40% greater than of sample
1, and sample 3 is nearly thrice as high. The absorption
coefficient increases at 4000 Hz approx. 40% when
comparing samples 1 and 2. Sample 3 is almost twice
as high as sample 1. This confirms the correlation of the
two parameters. Samples with a high amount of PLA
increase the airflow resistivity for the reason that the PLA
decreases the permeability of the samples. This effect
reduces the absorption coefficient.

The airflow resistivity was mapped with different models
based on the density and the fibre radius. The results
show that the models for fibre materials, while depicting



Fibres and Textiles 31(1), 2024, 37-45

a trend, cannot fully represent the airflow resistivity of

NFRP.
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Figure 7. Test results and results of the modelling of the airflow resistivity.
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AIMS AND SCOPES

“Vlakna a Textil” is a peer-reviewed scientific journal serving the fields of fibers, textile structures and fiber-based pro-
ducts including research, production, processing, and applications.

The birth of this journal is connected with three institutions, Research Institute for Man-Made Fibers, Svit (VUCHV),
Research Institute of Chemistry of Textiles (VUTCH) in Zilina and Department of Fibers and Textiles at the Faculty of
Chemical Technology, Slovak Technical University in Bratislava, having a joint intention to provide, utilize and depo-

sit results obtained through the research, development and production activities dealing with the aforementioned
scopes. ,Vlakna a Textil* journal has been launched as a consequence of a joing of existing magazines ,Chemicke
viddkna* (VUCHV) and , Textil a chémia® (VUTCH). Their tradition should provide a good framework for the new journal
with the main aim to create a closer link between the basic element of the product - fibre and its fabric - textile.

Since its founding in 1994, the journal introduces new concepts, innovative technologies and better understanding of
textile materials (physics and chemistry of fiber forming polymers), processes (technological, chemical and finishing),
garment technology and its evaluation (analysis, testing and quality control) including non-traditional applications,
such as technical textiles, composites, smart textiles or garment, and nano applications among others. The journal
publishes original research papers and reviews. Original papers should present a significant advance in the under-
standing or application of materials and/or textile structures made of them.
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