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Abstract
One reason driving lingerie sales in India is growing e-commerce and a rising demand for premium brands. 
With improved technologies, many lingerie producers are using delicate fabrics and intricate lace trimmings 
for lingerie of different styles to enhance lingerie demand in the country. Rising demand for lingerie sets, a 
growing middle-class population, and an increasing number of financially independent women are all driving 
this development. Many professional opportunities for women, and their access to round-the-clock internet 
services, have enabled them to gain trust, feel inspired, and be praised for their ability to decide. Their familiarity 
with technological advances like internet access via smart phones has enabled the Indian lingerie industry to 
shift their focus from an earlier marketing strategy of “touch and feel,” being available only in retail stores, to 
going online and taking the additional risk of advertising their product line on e-commerce platforms. This 
study found factors that influence women’s buying decisions while shopping online for lingerie products. 
Questionnaires were distributed to Indian women consumers to gauge their online buying intentions and 
multiple linear regressions were used as a statistical method to evaluate the formed hypotheses. The study 
revealed that convenience of shopping, variety of brands, quality of products, online discounts, delivery services 
and secure online payment have a positive impact on the buying decisions of Indian women regarding lingerie 
products. The research findings will serve as a baseline for understanding the major aspects that influence 
retailers’ online lingerie buying decisions.
Keywords: buying decisions, online shopping, lingerie, quality, variety, discounts

Izvleček
Eden od razlogov za spodbujanje prodaje spodnjega perila v Indiji je naraščanje števila e-trgovin in povpraševanja po 
vrhunskih blagovnih znamkah. Napredne proizvodne tehnologije so izdelovalcem spodnjega perila omogočile uporabo 
občutljivih tkanin in zapletenih čipk za izdelavo perila različnih stilov, da bi povečali povpraševanje po spodnjem perilu 
v državi. Ta razvoj spodbujajo naraščajoče povpraševanje po kompletih spodnjega perila, rastoča populacija srednjega 
razreda in čedalje več finančno neodvisnih žensk. Številne poklicne priložnosti in dostop do 24-urnih spletnih storitev so 
ženskam omogočili, da so pridobile zaupanje, se počutile navdihnjene in bile pohvaljene za svojo sposobnost odločanja. 
Njihovo poznavanje tehnološkega napredka, kot je dostop do spleta s pametnimi telefoni, je indijski industriji spodnjega 
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perila omogočilo premik od marketinške strategije »dotika in občutka«, ki je izvedljiva samo v maloprodajnih trgovinah, 
k spletni prodaji in s tem prevzela dodatno tveganje pri oglaševanju svojih linij izdelkov na platformah e-trgovin. Ta 
študija je odkrila dejavnike, ki vplivajo na nakupne odločitve žensk med spletnim nakupovanjem izdelkov za spodnje 
perilo. Med indijske uporabnice so razdelili vprašalnike, da bi ocenili njihovo spletno nakupovalno namero kot statistič-
no metodo, za oceno oblikovanih hipotez pa so bile uporabljene večkratne linearne regresije. Študija je pokazala, da 
ugodnost nakupovanja, raznolikost blagovnih znamk, kakovost izdelkov, spletni popusti, dostavne storitve in varno 
spletno plačilo pozitivno vplivajo na odločitve indijskih žensk za nakup perila. Ugotovitve iz raziskave bodo izhodišče 
za razumevanje glavnih vidikov, ki vplivajo na spletne odločitve prodajalcev o nakupu spodnjega perila.
Ključne besede: odločitev o nakupu, spletno nakupovanje, spodnje perilo, kakovost, raznolikost, popusti

1	 Introduction

Women’s lingerie is undergoing a renaissance. 
Lingerie shopping was traditionally not a pleasant 
experience for women, with discussions on the topic 
occurring in hushed tones. Offline lingerie shop-
ping in India is often an inconvenience for women 
and men. Lingerie shopping is an intimate experi-
ence that needs privacy and freedom regardless of 
the factors such as the environment and people. 
Many consumers had unpleasant lingerie shop-
ping experiences and are hesitant to buy in an of-
fline store again. The reasons are understandable 
as lingerie shopping in India is generally tied to a 
social stigma, and talking about size and shape is 
still taboo. Although lingerie-related awkward mo-
ments persist, women have become more confident 
in experimenting and buying ‘intimate’ wear in re-
cent years, and this trend can be attributed to on-
line lingerie sites to a large extent, if not completely. 
Women no longer shy away from sharing their feel-
ings in a category that is closet essential.
The Indian lingerie market is primarily driven by 
the rise in the adoption of western culture, grow-
ing urbanisation, a rise of disposable income, more 
women participating in sports and physical activi-
ties, a change in consumer preferences, deep exper-
tise in lingerie design, presence in online space and 
social media impact. There has been exponential 
growth in recent years to meet the demand for fash-
ionable, contemporary, and premium-quality linge-
rie. The segment has improved gradually with easy 
product availability in hypermarkets, supermarkets, 
multi-brand outlets, exclusive business outlets and 
online platforms. While physical stores ring in the 
bulk of sales, the unavailability of sizes, lack of pri-
vacy, and shortage of trained personnel have paved 
the way for online lingerie portals. Lingerie pur-
chasing in India has progressed from small, packed 
stores staffed by untrained salespeople to enticing 

websites staffed by fitting specialists. Many Indian 
companies have reaped the benefits of e-commerce 
implementation and integration into their enter-
prises by shifting their marketing approach from 
brick and mortar locations to the Internet. The 
product descriptions for online products are ex-
tremely detailed, even including visual elements 
that contribute to understanding of the functional-
ity. Some brands launch a series of infomercials to 
educate female consumers on different categories. 
In recent years, Skype and phone calls have become 
available for consultations on fitting-related issues. 
Women have now spoken up on issues that have 
been taboo for many years. Buying online enables 
the transaction to be kept private and delivered dis-
creetly, providing online lingerie businesses with 
an advantage over traditional stores. In addition to 
privacy, other factors that drive lingerie retailing in-
clude discounts, the availability of foreign brands, 
a wide range of designs, and different size options 
ranging from slender to plus-size.
The Indian lingerie sector has been a fast-growing 
driver in the apparel industry and is currently ex-
periencing its most exciting era, with a diverse con-
sumer base which enables brands to experiment 
with designs, styles, cuts, and colours. What was 
originally a staple product with little innovation 
has developed into an impregnable market. Its tale 
of development and importance, particularly in 
the Internet world, has captivated and piqued the 
interest of investors like nothing else. Today, multi-
ple lingerie brands compete fiercely in e-commerce. 
This has flared up the entire industry, which is pop-
ulated by a diverse range of global, national, region-
al, and online players. The Indian lingerie market 
is projected to rise at a robust Compound Annual 
Growth Rate of 14 per cent, reaching EUR 3.69 bil-
lion in 2021 and EUR 7.1 billion in 2026, owing to 
the growing middle-class population, fashion, well-
ness, and media visibility, as well as more women 
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becoming financially independent. According to a 
Technopak survey, the lingerie category is current-
ly worth EUR 2.95 billion and accounts for 8% of 
India’s overall apparel industry. Luxurious, pre-
mium, mid-market, and mass-market are now the 
most popular categories in the Indian lingerie sec-
tor, with the mid-market category accounting for 
the most sales. Compared to the mid-market cate-
gory, the premium and luxury sectors are rising at 
almost double the rate. While foreign brands such 
as Calvin Klein, La Senza, Victoria’s Secret, and 
others are vying for a piece of the Indian industry, 
domestic brands are stepping up their game as well 
[1]. The current companies in the online lingerie 
retail sector in India can be categorised into three 
types.
Several lingerie brand advertisements incorporate 
experiential marketing, which is more effective 
than traditional commercials. These online edu-
cative steps and assistance reach out to more con-
sumers and offer to pick the ‘right fit’ innerwear. 
The Enamor positioning ‘Fabulous As I Am’ is de-
rived from the stance that women look forward to 
everything that life offers - from jobs and occasions 
to family time. Amante’s latest campaign, position-
ing itself on ‘Dare To Be’, urges women to embrace 
different personalities, whether it be a serious ex-
ecutive by day or an enchantress by night. Online 
player Zivame’s ‘Fit For All’ campaign is based on 
the idea that, much like Indian women, lingerie 
should be available in various sizes. It was created 
in response to consumer feedback that most women 
had difficulty finding lingerie in sizes other than the 
predefined “so-called popular sizes.”
Technological advances in lingerie production aid 
the development of this industry, with an increasing 
number of factories using superior quality fabrics 
and carving enticing designs. Technical inputs ex-
tend the horizons from a basic necessity to designer 
wear, with a focus on style and comfort. In recent 
years, the e-commerce boom in the B2C sector has 
witnessed extensive growth, and the lingerie indus-

try has stepped up its efforts to reach out to its cus-
tomers through its online mode. Online availability 
of lingerie products has made women avoid embar-
rassment, buy in a private ambience, get a consul-
tation if necessary and spend more time selecting 
what they want. As a result, male consumers are 
emerging as significant buyers of women’s lingerie 
because of the privacy it offers. This brought the lin-
gerie enterprises hope and confidence to revise their 
strategy since they recognised an opportunity that 
they wanted to build on. This study finds the corre-
lation between various factors that influence wom-
en’s buying decisions for online lingerie products 
and statistically validate the findings through the 
use of multivariate statistical tools. The objectives of 
the study are the following:
i).	 To determine the factors influencing the buying 

decisions of women across India concerning 
lingerie products during online purchase, and

ii).	 to establish and validate that the determining 
factors positively affect the buying decisions of 
women concerning online lingerie products.

The research provides useful insights into what 
women desire, helping different marketers to de-
velop and adapt in response to the needs of female 
Indian consumers. The most satisfied customers 
usually have the intent to re-purchase if product 
performance meets their expectations. Thus, to 
influence customers and improve business perfor-
mance, online retailers must clearly understand 
the factors that positively affect buying decisions. 
Several studies are available to categorise the vari-
ous variables that influence online shopping. A few 
of them are extensively explored during the review 
of the literature.

1.1	 Literature review
Several studies have been conducted to determine 
the factors that influence consumers’ buying de-
cisions for online shopping. A consumer must be 
happy with their first online shopping experience 

Table 1: Categories of the online lingerie retail sector

Online category Major brands
Multi-category apparel Amazon, Fashionara, Flipkart, Jabong, Myntra, Snapdeal (other best-selling clothing 

items is highlighted)
Private lingerie labels Amante, Enamor, Lovable, PrettySecrets, (product aimed at brand-loyal customers)
Exclusive multi-brand 
online lingerie portals

The Darling Trap, Straps and Strings, Zivame (exclusive lingerie brands)
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before buying more products and services online 
[2]. It is also stated that the service offered during 
the purchase is essential in convincing consumers 
to make repeat purchases online [3]. Consumer 
views and beliefs regarding comfort and protection 
concerns have a very significant effect on their deci-
sion to buy online [4]. Women, on the whole, have 
a good outlook about shopping for apparel online 
[5]. While women are aware of some disadvantag-
es of online apparel shopping, these drawbacks do 
not deter them from doing so. The Internet user 
base is growing rapidly in India, and it is inspiring 
to see that the women’s user base is also increasing 
rapidly [6]. Due to the Internet, Indian women have 
convenient access to information, enabling them 
to make smarter decisions in their everyday lives. 
Most youngsters (18–25 years old) are particularly 
interested in online shopping because they are fa-
miliar with the technology [7].
The simplicity with which products on a website 
can be navigated has a positive effect on online pur-
chasing behaviour and purchasing decisions [8]. 
Security is another significant aspect that influences 
online shopping satisfaction. Security vulnerabili-
ties during online shopping have also been report-
ed in the literature. It was further discussed that 
the ability of an online portal to protect a custom-
er’s data fosters loyalty and improves satisfaction. 
According to previous research work [9], satisfac-
tion with the information service of online retailers 
is expected to rise as the perception of security risks 
declines. A high level of protection affects the extent 
to which purchasing decisions are made.
The quality of product details on e-commerce web-
sites is another important aspect that influences 
buying decisions. Consumer satisfaction in online 
shopping is inf luenced by accurate product and 
quality information. Online shoppers require web-
sites to provide safe payment options and protect 
the privacy of their online communications [10]. 
According to Pappas et al. [11], information content, 
website architecture, product attributes, ease of pur-
chases, online transaction security, payment, deliv-
ery, and consumer services were good predictors of 
online buying decisions. The same study states that 
a wide range of merchandise variety and a relatively 
low price would have a positive impact on buying 
decisions in the online shopping environment.
Convenience is the backbone of e-commerce, and it is 
one of the primary reasons that online shopping has 
grown in popularity in recent years. Shopping con-

venience can be defined as consumers’ perceptions of 
the time and effort involved in buying products and 
services [12]. Shopping online offers the convenience 
of purchasing items when and where it suits you, 
via a payment method of choice, while also having 
the item delivered via a suitable method. Corbitt et 
al., argue that purchase-related information and the 
opportunity to compare alternative deals play an im-
portant role in the absence of sales personnel and the 
inability to view and try the product [13]. Research 
reports show that shopping convenience has sur-
passed price and selection and has become the num-
ber one reason consumers shop online [14].
Trust and security appeared to be interconnected, 
where the consumer needed a secure payment to 
trust the payment method. If there is insufficient 
trust in the online payment process, the purchase is 
likely to be cancelled. Choosing an appropriate se-
cure payment system for online transactions creates 
a more trustworthy condition for the consumer [15]. 
A strong transaction security policy helps gain a 
shopper’s trust to purchase online, without the wor-
ries of risks in the transaction [16]. Most consumers 
in the e-commerce world believe that big business-
es are more trustworthy, which can influence their 
trust and online buying intentions [17]. Scholars 
stated that trust performs a critical role in e-com-
merce because of the limited face-to-face commu-
nication between retailers and consumers in the 
virtual world. Hence, the intention of consumers to 
shop online derives from their trust in their infor-
mation security. However, scholars have argued that 
further external factors play a vital role in purchas-
ing intentions [18].
Apart from trust, perceived quality was found as 
another critical component of online purchase in-
tention. Perceived quality is defined as the quality 
of a consumer product or service that is based on its 
ability to satisfy stated or implied customer needs, 
which in turn affects a customer’s buying decisions. 
Perceived quality is considered when consumers 
evaluate the quality of the product to choose which 
product suits them the most [19]. Customers are like-
ly to visit an online shop with various and high-qual-
ity products. If the product quality meets the expec-
tations, customers regard the online shop as useful 
and continue to visit it. Therefore, product-related 
characteristics can develop, sustain and improve 
customer satisfaction in online shopping. In an on-
line purchase, a consumer cannot touch and feel the 
product; hence, quality perception plays a vital role 
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in determining product perception and trust in the 
vendor [20].
The variety of products offered to consumers while 
shopping online is difficult to match by off line 
stores. Offline shoppers usually have to visit differ-
ent stores to search for the products, whereas online 
shopping provides a wide variety of products on a 
single website. Product perception is also termed 
product value, which entails understanding a prod-
uct in terms of price, product quality, and variety. 
Price is defined as the cost paid for an item by the 
consumer, and it should be comparable with prices 
available for the same product at alternative sources 
(online or offline). Product variety is the number of 
alternatives available to the customer when choos-
ing a product. Product quality perception is the 
product’s ability to satisfy the customer [21].
The most important factors influencing online pur-
chase are convenience and attractive pricing [22]. 
The retailers can attract online bargain hunters 
with a visible selection, discounts, and special pro-
motions (e.g. incentives and gifts). Consumers can 
easily compare prices from various suppliers, lead-
ing to utilitarian browsing for purchases [23]. As a 
marketing stimulus, price comprises positive and 
negative cues in predicting consumer behaviour. 
In the online context, consumers depend on price 
information, as the product is not available for ex-
amination before purchasing. Increasing the usabil-
ity and perceived depth of online information can 
reduce price sensitivity [24].
The product delivery problem is prominent in an 
online retail environment and has a significant im-
pact on purchasing decisions. Customer loyalty suf-
fers when products arrive with a delay. In an online 
environment, timely and reliable delivery plays a 
critical role in meeting customer’s expectations and 
satisfaction. Customers can switch easily between 
webpages with just a single click or even customers 
move toward conventional brick and mortar retail-
ers because of late, unsafe, or undesirable product 
delivery. It can be concluded that a delivery service 
is a service organised by a supplier or a shop to take 
goods to customers. Several studies state that the 
delivery quality has a significant impact on pur-
chasing decisions and accounts for a larger varia-
tion in online shopping satisfaction. In the scenario 
of an online shopping environment, reliable, safe, 
and timely delivery is a fundamental and integral 
aim of online buyers [25]. Customers buy products 
at home, and require a safe, reliable, and quick de-

livery of the desired product to their destination. 
The delivery service is the link in a supply chain 
that directly deals with customers, and is a driver of 
customer satisfaction [26].
While online shopping has several advantages over 
the traditional method, there are a few pitfalls of 
internet buying. In virtual shops, the consumer 
cannot see and check the product quality, as would 
be the case in a physical store. In fact, for the con-
sumer, buying products on the Internet appears to 
be a more complex decision as it is more difficult to 
form an impression about whether the products on 
offer are appropriate. The second area of complex-
ity concerns the mode of payment for the ordered 
products. Most of the consumers who are habituat-
ed to paying in cash at the checkout may find the 
electronic transfer and security checks unfamiliar 
and more complex [27].
Attracting, retaining, and satisfying female cus-
tomers remains limited, despite the growth in the 
application of technology-based online retail servic-
es. A marketer often encounters a difficulty in un-
derstanding and managing the dynamics of female 
consumer behaviour. This requires a study of behav-
ioural issues in online retail shopping in order to 
establish an online presence. While the number of 
female consumers buying online products in India 
continues to rise, the success of some e-retailers and 
the lack of such for others emphasise the need for 
research. What leads a female buyer to shop online 
has also evoked a lot of interest from both research-
ers and marketers. Thus, through an elaborate re-
view of existing literature on buying decisions for 
online shopping, we determined that buying deci-
sions depend on many factors. Some factors identi-
fied through the literature review have a significant 
influence on buying decisions and have been con-
sidered in this study. The factors identified are (i) 
convenience of shopping, (ii) variety of brands, (iii) 
quality of products, (iv) online discounts, (v) deliv-
ery services, (vi) secure online payment.

1.2	 Hypothesis
Based on the literature review, the following hy-
potheses were developed for this study concern-
ing buying decisions of Indian women for lingerie 
products:
H1: Convenience of shopping influences buying de-
cisions during online shopping.
H2: Variety of brands influences buying decisions 
during online shopping.
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H3: Quality of product influences buying decisions 
during online shopping.
H4: Online discounts influence buying decisions 
during online shopping.
H5: Delivery services inf luence buying decisions 
during online shopping.
H6: Secure online payment influences buying deci-
sions during online shopping.

2	 Methodology

A total of 150 questionnaires were circulated at 
random among female Indian consumers from di-
verse backgrounds to better understand what mo-
tivates them to buy online lingerie products. Their 
identities were kept anonymous to ensure that their 
reasoning and preferences are not criticised or dif-
ferentiated, and that their confidentiality is main-
tained throughout. The non-probability conven-
ience sampling [28] was used in this exploratory 
research study, as it is the most effective way to ob-
tain basic information quickly and efficiently. Only 
responses from 120 female respondents over the age 
of 16 were received. In this study, the questionnaire 
comprises close-ended questions showing demo-
graphic and variable-related information for meas-
uring online buying decisions. This was derived 
from a response range of strongly agree to disagree, 
on a five-point Likert Scale. The questionnaire was 

simple and easy to understand, so that the respond-
ent would have no difficulty answering them. This 
comes under a correlational study that attempts to 
examine the statistical association between online 
buying decisions influenced by six independent var-
iables identified as significant in buying decisions. 
The variables were the convenience of shopping, 
variety of brands, quality of products, online dis-
counts, delivery services, and secure online pay-
ment. Secondary data sources include the previous-
ly published research papers, journals, authorised 
industry statistics, and some major websites, all of 
which contributed to data credibility. The validity of 
these responses was confirmed using the statistical 
tool of Multiple Regression Analysis. Cronbach’s al-
pha coefficient was used to assess the internal con-
sistency reliability of the data set [29].

3	 Results and discussion

The survey was gender specific, and only women 
from various backgrounds were included. Most 
of the 120 participants were students (50 per cent) 
between the age group of 21 to 25 years. (38.3 per 
cent). There was no upper age limit for women who 
took part in this survey, and all respondents were 
over the age of 16. Table 2 shows the age group, edu-
cation status, occupational status, and monthly in-
come of all women respondents.

Table 2: Demographic data of women respondents

Demographics Description Frequency, N Share (%)
Age group (years) 16‒20

21‒25
26‒30
31‒35
36‒40

40 or above

8
46
25
17
12
12

6.7
38.3
20.8
14.2
10.0
10.0

Education status High School
Graduate

Postgraduate
Doctorate

9
63
38
10

7.5
52.5
31.7
8.3

Occupational status Student
Employed
Business

Homemaker

60
32
24
4

50.0
26.7
20.0
3.3

Monthly income (EUR) Below 1000
1000‒2000
2001‒3000
3001‒4000
Over 4000

26
14
15
22
43

21.7
11.7
12.5
18.3
35.8
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3.1	 Reliability analysis
Table 3 shows the reliability coefficient (Cronbach’s 
alpha) values for the variables under study. The 
Cronbach’s alpha for all the proposed variables ex-
ceeds the minimum threshold value of 0.70 [30], 
with values ranging from (0.701) to (0.836), con-
firming that the data is statistically reliable and ac-
ceptable for further analysis.

Table 3: Reliability analysis of independent variables

Variables Items Cronbach’s Alpha
Convenience of shopping 3 0.711
Variety of brands 5 0.836
Quality of products 5 0.733
Online discounts 2 0.753
Delivery services 2 0.789
Secure online payment 3 0.701

3.2	 Multiple regression analysis
Tables 4a and 4b show the results of multiple regres-
sion analysis. The independent variables had mul-
ticollinearity if the tolerance value is below 0.1 and 
the value of Variance Inflation Factor (VIF) spans 
from 1.096 to 1.690, all of which are less than 5, 
showing no multicollinearity among the six inde-
pendent variables [31].

Table 4a: Model summary

Model R R2 Adjusted R2 Std. Error of 
the estimate

1 0.857 0.734 0.720 0.59766

Table 4b: Regression analysis–ANOVA

Model Sum of 
squares df Mean 

square F Sig.

Regression 32.684 6 5.447 15.250 0.000
Residual 72.51 203 0.357
Total 105.194 209
Predictors: (Constant), convenience of shopping, variety 
of brands, quality of products, online discounts, delivery 
services, secure online payment

All six independent variables have p-values less 
than the alpha value of 0.05 showing that all six 
independent variables, i.e., convenience of shop-
ping, variety of brands, quality of products, on-
line discounts, delivery services, and secure online 
payment are positively related to buying decisions 
of Indian women regarding lingerie products. The 
study supports both previously proposed hypothe-
ses. The following multiple regression equation was 
formed using the coefficient table (Table 4c):
Buying decisions = 1.163 + 0.248 (convenience of 
shopping) + 0.124 (variety of brands) + 0.059 (qual-
ity of products) + 0.022 (online discounts) + 0.178 
(delivery service) + 0.132 (secure online payment).
The intensity among variables is explained by the 
data of standardised coefficients. The variables are 
ranked in order of intensity:
•	 convenience of shopping (0.360)
•	 secure online payment (0.171)
•	 variety of brands (0.151)
•	 quality of products (0.093)
•	 delivery services (0.084)
•	 online discounts (0.026).

Table 4c: Regression analysis - coefficients

Model
Unstandardised

coefficients
Standardised
coefficients t Sig.

Collinearity
statistics

B Std. error β Tolerance VIF
(Constant) 1.163 0.252 4.615 0.000
Convenience of 
shopping 0.248 0.047 0.360 5.247 0.000 0.720 1.388

Variety of brands 0.124 0.055 0.151 2.256 0.002 0.760 1.316
Quality of products 0.059 0.046 0.093 1.286 0.000 0.645 1.551
Online discounts 0.022 0.052 0.026 0.420 0.005 0.912 1.096
Delivery services 0.178 0.043 0.084 1.262 0.000 0.771 1.297
Secure online payment 0.132 0.058 0.171 2.257 0.025 0.592 1.690
Dependent variable: Buying decisions
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Based on the values of the standardised coefficients 
above, it can be inferred that convenience of shop-
ping is the most important variable that influences 
Indian women’s online purchasing decisions of lin-
gerie items positively, while secure online payment 
is the second most influential variable. The remain-
ing factors follow the first two.
According to Table 4a, the coefficient of determi-
nation (R2) is 0.734. This shows that a 73.4 per cent 
chance of the dependent variable buying decisions 
is caused by the independent variable convenience 
of shopping, variety of brands, quality of products, 
online discounts, delivery services, and secure on-
line payment.

4	 Conclusion

Lingerie shopping in India has progressed from 
small, packed shops staffed by inexperienced sales-
people to well-equipped portals with appropri-
ate specialists. The apprehension of buying from a 
shopkeeper, who was sometimes male, often result-
ed in women missing out on the correct size and 
fit. It would not be an exaggeration to claim that 
online retailers have altered the way of shopping. 
The core ethos of these online shops has been ed-
ucation, especially on the Internet. Brands attempt 
to raise customer awareness and remove the stigma 
surrounding this category by means of meaningful 
and effective communication strategies. They seek 
to be viewed as authentic by eliminating the clutter 
and assisting consumers in making smarter choices 
with the facts and reviews that they have on their 
websites. As a result, a large consumer base has 
emerged that has responded enthusiastically to a 
previously uninspiring market sector. Women to-
day are more willing to experiment with buying in-
timate apparel digitally.
This research attempts to conduct a decisive study 
of six variables derived from the elaborative litera-
ture review. The variables were the convenience of 
shopping, variety of brands, quality of products, 
online discounts, delivery services, and secure on-
line payment that have a positive impact on the 
buying decisions of Indian women regarding linge-
rie products during online shopping.
The study results offer input and guidance to online 
retailers re-drafting/re-considering their strategic 
techniques for improving efficiency, increasing the 

level of purchasing decisions and standing out in an 
increasingly competitive market in the Internet age. 
To survive in an increasingly competitive market 
world, online retailers can re-evaluate all six factors 
that have a high effect on purchasing decisions and 
initiate and redesign their strategies accordingly. 
These variables serve as consumer input when shop-
ping online, showing how they feel and what they 
want. This research might be useful in assessing and 
improving their performance.
The online lingerie industry is still in its infancy 
but has immense potential that is only waiting to be 
realised. The influx of many more foreign partici-
pants will only improve the Indian lingerie industry 
and provide its consumers with the best options. If 
not entirely, online retailers can be credited with a 
significant portion of growth of the Indian linge-
rie industry. As a result, the lingerie industry has a 
vast potential to explore and propel their brands for 
greater consumer loyalty through online purchase 
mode, while simultaneously increasing customer 
acquisition and driving sales at a faster pace. The 
dynamics of the Indian lingerie industry are en-
couraging enough for these firms to venture into an 
online business with confidence.
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Abstract
Nowadays, modeling is used for evaluating and controlling the weft crimp percentage before and after man-
ufacturing plain woven fabrics. Also, modeling assists in estimating and evaluating crimp percentage without 
complex and time-consuming experimental procedures. The purpose of this study is to develop a linear regres-
sion model that can be employed for the prediction and evaluation of the weft crimp percentage of plain woven 
fabric. For this study, nine plain woven fabrics of 100% cotton were produced with three different wefts thread 
densities and weft yarn linear densities. From the findings, the effects of weft count and weft density on the 
weft crimp percentage of the fabrics were found to be statistically significant with a confidence interval of 95%. 
The weft crimp percentage showed a positive correlation with weft count and weft density. The weft count and 
weft density have multicollinearity in the model because the variance inflation factors (VIFs) values are greater 
than one, which are 1.70 & 1.20, respectively. The model was tested by correlating measured crimp percentage 
values obtained with a crimp tester instrument to the crimp percentage values calculated by a developed 
linear model equation. The result disclosed that the model was strongly correlated, with a confidence interval 
of 95% (R² of 0.9518). Furthermore, the significance value of the t-test is not significant for both the measured 
weft crimp percentage values and the calculated weft crimp percentage values, which means that they do 
not differ significantly. Crimp percentage is impacted by fiber, yarn, fabric structural parameters and machine 
setting parameters. This makes the crimp percentage difficult to control and study, but this developed model 
can be easily used by manufacturers or researchers for controlling and studying purposes. Thus, the model can 
be used to produce a fabric with a pre-controlled weft crimp percentage. It can also be used to evaluate and 
predict the weft crimp percentage before and after fabric production.
Keywords: crimp percentage, regression modeling, thread density, yarn count, plain-weave

Izvleček
Modeliranje se lahko uporablja kot orodje za ocenjevanje in nadzor odstotka skrčenja votka v tkanini v vezavi platno 
pred tkanjem ali po njem. Z modeliranjem se lahko izognemo dolgotrajnim in zapletenim eksperimentalnim postopkom 
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za določanje in vrednotenje skrčenja votka. Namen te študije je razviti linearni regresijski model za napovedovanje in 
ovrednotenje stkanja votka v tkaninah v vezavi platno. Za ta namen je bilo izdelanih devet tkanin v vezavi platno iz 
100-odstotnega bombaža v treh različnih gostotah po votku in z uporabo votkovne preje z različno dolžinsko maso. 
Ugotovljeno je bilo, da so vplivi dolžinske mase votkov in gostot po votku na odstotek stkanja statistično pomembni, s 
95-odstotnim intervalom zaupanja. Vrednost skrčenja votka je pokazala pozitivno korelacijo z dolžinsko maso votka in 
gostoto votkovnih niti. Vendar dolžinska masa votka in gostota votkovnih niti izkazujeta v modelu multikolinearnost, 
saj sta vrednosti faktorjev inflacije variance (VIFs) večji od ena, kar je 1,70 oziroma 1,20. Model je bil preizkušen z izraču-
nom korelacije med izmerjenimi vrednostmi stkanja in vrednostmi stkanja, izračunanimi s pomočjo razvite linearne 
modelne enačbe. Rezultat je pokazal veliko koreliranje modela s 95-odstotnim intervalom zaupanja (R² 0,9518). Tudi 
vrednosti t-testa niso pokazale statistično pomembnih razlik med izmerjenimi in izračunanimi vrednostmi stkanja. 
Odstotek stkanja votkovnih niti v tkanini je odvisen od številnih parametrov, kot so lastnosti vlaken, struktura preje 
in tkanine ter nastavitev strojne opreme. Zaradi številnih vplivov je odstotek stkanja votka težko nadzorovati, vendar 
se model lahko uporabi za nadzor in proučevanje le-tega tako s strani proizvajalcev kot raziskovalcev. Model lahko 
uporabimo za izdelavo tkanine z vnaprej načrtovanim odstotkom stkanja votka. Uporablja se lahko za ocenjevanje 
in napovedovanje odstotka skrčenja votka tudi pred izdelavo tkanine in po njej. 
Ključne besede: odstotek skrčenja, regresijsko modeliranje, gostota niti, dlžinska masa preje, platno

1	 Introduction

There are various types of weave structures that are 
manufactured nowadays, such as plain, twill, hon-
eycomb, satin and other derivatives. The weave ar-
chitecture is constructed from the interlacement of 
two sets of yarn: weft and warp yarns. The yarn in-
terlacement forms a crimp. A crimp is geometrically 
considered as the percentage excess of the length of 
the straight yarn axis over the cloth length or fab-
rics [1‒3].
Crimp percentage could be affected by various fac-
tors, such as thread density of the warp and weft, 
loom setting, fabric structure and yarn count, 
amongst others.  A theory can be proposed that 
the crimp percentage of the yarn of the woven fab-
ric is directly related to the tension that is applied 
during weaving. The warp tension significantly af-
fects both the warp and weft yarn crimp percentage. 
Also, the weft crimp percentage increases with the 
increase of warp tension [4, 5]. With an increase of 
the weft yarn count, the crimp percentage of weft 
yarn increases, whereas it reduces for the warp yarn 
at comparable weft densities. The series of yarn of 
the woven fabric is directly related to the coarseness 
and density of the other series of yarn [6, 7].
The crimp of warp and weft yarn in woven fabrics 
is an important parameter that influences several 
fabric properties such as fabric mass per unit area 
(GSM), surface roughness, strength, extensibility, 
thickness, compressibility, stress-strain relations, 
handle, and creasing. A higher number of inter-
lacements results in wavier yarns and an increase 

in yarn crimp. The yarn crimps also influence the 
economics of the fabrics as they impact the quantity 
of yarn required to weave a fabric during manufac-
turing and a difference in the weight per unit area 
[8, 9].
Several researchers proposed different methods of 
crimp percentage measurements, such as how it 
can be calculated and how it affects the properties 
of fabrics. The yarn crimp percentage is majorly in-
fluenced during the manufacturing and technolog-
ical finishing stages of the woven fabric. Predictive 
modeling has nowadays become a powerful tool 
that can deliver real value through its application 
and innovation to different textile industries. It 
forms an essential part of the research and devel-
opment effort of many of the world’s leading organ-
izations and can be incredibly valuable for textile 
industries. Using linear modeling, it is possible to 
identify the effective features of crimp percentage in 
fabric structure and also to discover how crimp per-
centage influences the properties of woven fabrics. 
When the model is used in combination with good 
analysis and experimentation, it can enhance pro-
gress, save time, minimize cost, multiply effort, and 
efficiently use resources. The results are perceptible, 
available quickly, and projected appropriately.
In this research, a regression model was developed 
based on three thread densities and three counts in 
the weft direction of fabrics. Since crimp percent-
age is one of the main parameters of woven fabric 
construction, yarn crimp has a practical signifi-
cance for designers; in particular, this parameter 
can be exploited to define fabric behavior during 
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the manufacturing and finalization process in ad-
dition to defining material (yarn) consumption. 
Thereby, a designer on the loom can have the ability 
to analyze the input parameters for manufacturing 
plain woven fabrics and predict the behavior of weft 
crimp percentage in woven fabrics. It is also possi-
ble to detect that weft crimp percentage depending 
on the type of raw materials (which is cotton), yarn 
structure (which is weft count), and fabric geometry 
(which is weft density). The linear model provides 
a good basis for investigating, analyzing, predict-
ing and evaluating weft crimp percentage during 
manufacturing, finishing treatment, and even after 
manufacturing, for testing and predictions.

2	 Materials and methods

2.1	 Materials
Nine plain woven fabrics, 100% cotton, were pro-
duced with different structural parameters by a 
Picanol air jet loom. The fabrics used for this study 
have three different weft densities (threads/cm) and 
three different weft yarn linear densities. Warp 
thread density, warp count, tension, loom speed, 
and relative humidity were kept constant, as shown 
in Table 1. After the fabrics production, each fabric 
was treated with a combined pretreatment process. 
The chemicals used were sodium hydroxide 3%, hy-
drogen peroxide 4%, sodium silicate 2%, wetting 
agent 0.5%, and EDTA 0.5 on the weight of the fab-
ric and 1:10 liquor ratios. The efficiency of a com-
bined pretreatment was assessed by the iodine solu-
tion test method as per AATCC and the samples 
showed a brown color and good water absorbency.

2.2	 Experimental design
Central composite design experiments require 
a minimum number of trials for estimating the 
main effect and a lower number of runs, and allow 
sequential experimentation, which provides flex-
ibility and time-saving in running the experiment 
and analysis [10]. Central Composite Design (CCD) 
with two independent variables (factors) was ap-
plied to investigate the effect of weft yarn count and 
weft density on the crimp percentage of a plain wo-
ven fabric in the weft direction. The experiment has 
8 non-center and 5 center points. The total number 
of the run was 13 with five numbers of the replica, 
as shown in Table 2.

2.3	 Experimental procedure
Five test specimens were prepared for measuring 
crimp percentage from each produced sample and 
conditioned at 65% ± 2% relative humidity and 
20 °C ± 2 °C for a minimum of 24 hour before test-
ing according to ASTM-D1776 practice for condi-
tioning and testing textile materials. The weft crimp 
in the fabric samples was measured by the Shirley 
crimp tester instrument and the crimp percentage 
values of yarns were calculated according to the 
ASTM-D3883-04 standard using Equation 1.

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶	
𝑌𝑌 − 𝐹𝐹	
𝐹𝐹 ∗ 	100	(%) � (1)

where F is the distance between benchmarks on 
the yarn in the fabric and Y is the distance between 
benchmarks on the yarn after removal from the 
fabric and straightening. The values of the crimp 
percentages are depicted in Table 2 under the col-
umn of response. The data were used for model 

Table 1: Construction parameters of the nine woven fabrics

Fabrics code Weave type Warp density 
(threads/cm)

Warsp count 
(tex)

Weft density 
(threads/cm)

Weft count (tex)

F1 Plain 24 29.5 18 14.76

F2 Plain 24 29.5 21 14.76

F3 Plain 24 29.5 24 14.76

F4 Plain 24 29.5 18 29.5

F5 Plain 24 29.5 21 29.5

F6 Plain 24 29.5 24 29.5

F7 Plain 24 29.5 18 42

F8 Plain 24 29.5 21 42

F9 Plain 24 29.5 24 42
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development and statistical analysis and evalua-
tions using the Design-Expert software analysis of 
variance (ANOVA) were conducted.

2.4	 Developing an empirical model for crimp 
percentage

The properties of the fabric are noticeably affected 
by crimp percentages, hence controlling the crimp 
percentage and studying the effects of crimp on the 
fabric properties is difficult because crimp is an un-
controllable factor. Thus, to make crimp percentage 
controllable, modeling the crimp percentage based 
on the yarn and fabric structural parameters is nec-
essary. Using the developed model, the weft crimp 
percentage value can easily be determined or pre-
dicted . The measured weft yarn crimp percentage 
from the fabric samples was used to develop the 
model equation. The experimental results in Table 2 
were given as input to the Design-Expert software 
for developing the model and for further analysis.
Design-Expert provides prediction equations (mod-
el) in terms of actual units and coded units. The 
coded equations are determined first and the actual 
equations are derived from the coded equations. To 
obtain the actual equation, each term in the coded 
equation is replaced with its coding formula shown 
in equation 2.

𝑋𝑋!"#$#	 = 	
𝑋𝑋&!'(&) −	𝑋𝑋%

(𝑋𝑋*+,- − 𝑋𝑋."/)/2
) � (2),

where Xcoded are coded values of weft crimp per-
centage, Xactual is the actual weft crimp percentage, 
X
_

 is the mean values of a weft crimp percentage, 
XHigh is the maximum values of weft crimp percent-
age, and XLow is the minimum value of weft crimp 
percentage.

Although different parameters affect the weft crimp 
percentages of woven fabrics, assumptions are need-
ed to obtain a reliable and valid model.
Assumptions:
•	 all the fibers have the same properties,
•	 the fabric is produced with a constant tension 

force,
•	 the twist factor of the yarn is maintained as per 

the standards,
•	 normal yarn elongation % is maintained,
•	 the cross-section of yarns is regarded as a circle,
•	 the fabric is produced with the same warp count 

and density,
•	 the model is only valid for cotton material and 

plain-weave;

Multiple regression or, in this case linear regression, 
is a collection of statistical techniques and methods 
that are useful in building the types of empirical 
models required in response surface methodology 
(RSM). There is a close connection between RSM 
and linear regression analysis [11, 12]. The most 
commonly used linear equation to fit the experi-

Table 2: The experimental design for crimp percentage

Fabrics Code Run Factor 1 Factor 2 Response 1
Count (tex) Density (threads/cm) Crimp percentage

F5 1 29.5 21 5.16
F6 2 29.5 24 5.96
F4 3 29.5 18 4.56
F7 5 42 18 6.56
F5 6 29.5 21 5.16
F1 12 14.76 18 3.80
F5 8 29.5 21 5.16
F5 9 29.5 21 5.16
F9 4 42 24 7.64
F5 10 29.5 21 5.16
F3 7 14.76 24 4.12
F2 11 14.76 21 3.88
F8 13 42 21 7.20
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mental data and to determine the output response is 
defined in equation 3.

Crimp	 = 𝛽𝛽! + 𝛽𝛽"𝐴𝐴 + 𝛽𝛽#𝐵𝐵	(%) � (3),

where β is the center point, β1 is the coefficient of a 
weft count, β2 is the coefficient of a weft density, A is 
weft count, and B is a weft density.

2.5	 Model validity test
It is always necessary to examine the fitted model to 
ensure that it provides an adequate approximation 
to the true system values and verifies that none of 
the least-squares regression assumptions and rules 
are violated. Proceeding with the exploration and 
optimization of a fitted response surface will like-
ly give poor or misleading results unless the mod-
el provides an adequate fit  by inputting the weft 
crimp percentage values measured by a crimp test-
er instrument into the developed model equation 
[13‒15].

2.6	 Model test
A four plain woven fabric that was not used for 
model extraction purposes was used as the control 
model in the test measuring surface roughness val-
ues by the crimp tester instrument and to obtain the 
calculated crimp percentage values by the model 
equation. A structural parameter analysis (density 
and count) was done for the fabrics that were used 
for the model equation test purposes. The count of 
weft yarn from the fabric is measured according to 
ISO 7211-5 and the weft density of yarn was meas-
ured by using the ISO 7211-2 standard. Finally, the 
average value of each measured weft crimp percent-
age value of fabrics was used for calculating weft 
crimp percentage values by the developed model 
equation. Then, weft crimp percentage values of 
the fabrics were also measured by the Shirley crimp 
tester instrument. Finally, the correlation between 
the calculated and measured values of crimp per-
centage was determined through a plotted graph.

3	 Results and discussion

3.1	 Effects of count and density on the crimp 
percentage

The weft crimp percentage of the produced fab-
ric was measured and calculated according to the 
ASTM-D3883-04 standard as shown in Table 2 un-

der the response column and the Quantile-Quantile 
Plot implies that the collected data were normally 
distributed as shown in Figure 1. From the box plot 
in Figure 2, it can be observed that the collected 
data of weft crimp percentage have no outliers ei-
ther the upper limit or lower limit. This implies that 
the collected data are normally distributed and can 
be used for further statistical analysis and modeling 
purposes.
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Figure 1: The Quantile-Quantile Plot of the input data 
vs. standard normal

The ANOVA Table 3 indicates that the linear model 
can be used to describe the crimp percentage of the 
fabrics based on yarn and fabric parameters, which 
are count and density, respectively. The F-value is 
121.71 (P < 0.0001) which implies that the model 
is significant. There is only a 0.01% chance that an 
F- value this large could occur due to error. The P- 
values of less than 0.05 (P < 0.05) indicate the sig-
nificance of the model terms. Both the model terms 
count and density are statistically significant at 95% 
of the confidence interval since they have a P- value 
of 0.0001 and 0.0027, respectively. The predicted R² 
of 0.9341 is in strong agreement with the adjusted R² 
of 0.9526 since the difference is less than 0.2, which 
ensures that there is a satisfactory adjustment of the 
model to the weft crimp percentage values. These 
indicate that the predicted R² shows the extent of 
the variance of the dependent (weft crimp percent-
age) variable that has been explained by independ-
ent (weft yarn count and weft density) variables in 
the model term. Moreover, the adjusted R² is the 
modified version of the predicted R² that shows the 
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usefulness of the predictors (weft yarn count and 
weft density) in the model term. Thus, their differ-
ence should be less than 0.2 and even as it becomes 
smallesr, that signalls that the dependent variables 
were better explained or have strong correlations 
with the independent variable. However, their dif-
ference should not be greater than 0.2 [16, 17].
The effect of weft yarn count on the weft crimp per-
centage value of fabrics was observed. Weft crimp 
percentage values increase as the weft yarn count 
becomes coarser, while weft crimp percentage val-
ue decreases as the weft yarn becomes increasingly 
finer as shown in Figure 3. The coarser the yarn is, 
the more rigid it is and has a higher bending point, 
whereas finer yarn is less rigid and has a small 
bending point. This was due to the fact that coars-
er yarn can create higher waviness, while finer yarn 
creates lower waviness during the interlacement of 
the two yarns [7, 18]. Also, the weft crimp percent-
age values of the fabrics increase as the weft densi-
ty of the fabrics increases, whereas the weft crimp 
percentage decreases as the weft density decreases 
as shown in Figure 3. This was because as the thread 

density of weft yarn increases, the weft and valley 
on the yarn increases. This is due to the tight inter-
lacement of weft yarn over the warp. As the tight-
ness or compactness of the fabrics increases, the 
weft yarn properly bends over the warp yarn, which 
results in an increase in the weft crimp percentage. 
On the other hand, the waviness of the weft yarn 
decreases as the weft density decreases in the plain 
woven fabrics, the result of which is a decrement in 
weft crimp percentage. This is because as the weft 

Figure 2: The box plot of the crimp percentage data for the nine woven fabrics

Table 3: ANOVA Table of regression

Source Sum of Squares Df Mean Square F-value P-value Decision

Model 21.95 2 10.98 121.71 < 0.0001 Significant

Count 20.61 1 20.61 228.56 < 0.0001 Significant

Density 1.41 1 1.410 15.660 0.0027 Significant

Residual 0.9018 10 0.0902

Lack of Fit 0.7218 6 0.1203 2.670 0.1802 Not significant

Pure Error 0.1800 4 0.0450

Cor Total 22.85 12

Figure 3: The effects of both density and count on weft 
crimp percentage
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density decreases the fabric tightness also decreased 
[19, 20].
The coefficient estimate represents the expected 
change in response per unit change in factor value 
when all the remaining factors are held constant. 
For instance, if weft count increases by one unit, 
the response (weft crimp percentage) increases by 
1.59 units while keeping the weft density and other 
parameters constant. Also, if weft density increases 
by one unit, the response (weft crimp percentage) 
increases by 0.4667 units, while keeping the weft 
count and other parameters constant as is shown 
in Table 4. The coefficients are adjustments around 
that average based on the factor settings. The vari-
ance inflation factor (VIF) quantifies the extent of 
correlation between one predictor and other predic-
tors in a model. A VIF can be computed for each 
predictor in a predictive model (21, 22). The var-
iance inflation factors (VIF) for the predictor weft 
count, for example, indicate that the variance of the 
estimated coefficient of weft count is inflated by fac-
tor 1.70 because weft count is highly correlated with 
weft density in the model, as shown in Table 4. The 
factors are orthogonal when the VIFs values are 1; 
VIFs values greater than 1 indicate multi-collinear-
ity, so the higher the VIF, the more severe the cor-
relation of factors. As a rough rule, VIFs less than 
10 are tolerable (16, 23). Thus, weft count and weft 
density have multicollinearity in the model term 
because the VIFs values are greater than one.

3.2	 Model equation for crimp percentage
The actual model equation was developed by using 
the weft crimp percentage values of the nine samples 
that were measured by the crimp tester instrument 
and the crimp percentage was calculated by Equation 
1. The equation in terms of actual factors (count and 
density) can be used to make predictions about the 
crimp percentage for the given levels of each factor. 
This equation cannot be used to determine the rela-
tive impact of each factor because the coefficients are 
scaled to accommodate the units of each factor and 
the intercept is not at the center of the design space 

[24, 25]. The center point value and the coefficient 
values for each weft yarn count and weft density of 
the actual model equation were not used to interre-
late their relationships. Thus, the actual model equa-
tion 4 can be used for the prediction and evaluation 
of the weft yarn crimp percentage from the given 
yarn and fabric structural parameters.

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊	𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐	 = −1.1122 + 0.1177 × Count(Weft) + 0.1506 × Density(Weft)(%) 
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊	𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐	 = −1.1122 + 0.1177 × Count(Weft) + 0.1506 × Density(Weft)(%) �(4),

where, −1.1122 is the center point of the model, 
+0.1177 is the coefficient of weft count and +0.1506 
is the coefficient of weft density. By substituting the 
weft count and weft density values in Equation 4, 
the weft crimp percentage can be easily calculated.
The sign of the center point of the model is nega-
tive but does not have any effect on the model term 
unless the independent can be zero. So, there is no 
single way that the independent factors (weft yarn 
count and weft density) could be zero. The center 
point is a model described as the mean response 
value when all predictor variables are set to zero [26, 
27]. Mathematically, that is correct. However, a zero 
setting for all predictors that are weft yarn count 
and weft density in the model, is often an impossi-
ble/nonsensical combination. If all of the predictors 
cannot be zero, it is impossible to interpret the value 
of the center point [27].

3.3	 Model validity test
The model validation was conducted by using the 
crimp percentage values obtained from the crimp 
formula Equation 1 and the calculated crimp per-
centage values from the model equation 4 for the 
nine plain woven fabrics that were used earlier for 
the model equation extraction purpose, as shown in 
Table 5. Finally, the correlation between the calcu-
lated and measured values was determined through 
plotted graphs. It is necessary to examine the effect 
of the developed model equation to ensure that it 
provides an adequate approximation to the true 
values and verifies that none of the least-squares re-
gression assumptions and rules are violated [10, 13].

Table 4: Coefficients in Terms of coded factors

Factor Coefficient Estimate df Standard Error 95% CI Low 95% CI High VIF

Intercept 5.26 1 0.0907 5.06 5.46

A-Count 1.59 1 0.1342 1.30 1.89 1.70

B-Density 0.4667 1 0.1331 0.1700 0.7633 1.20



Modeling for the Prediction and Evaluation of the Crimp Percentage of Plain Woven Fabric Based on Yarn Count and Thread Density 21

As shown in Figure 4, the proposed model equation 
4 can properly correlate the experimentally meas-
ured data from crimp formula Equation 1 at the 
confidence interval of 95% (R² of 0.95864). Thus, 
the model was valid because the measured value 
obtained by crimp percentage formula Equation 
1 is articulated further by the calculated value ob-
tained by the developed model equation 4, as shown 
in Figure 4. The broken blue line represents the 
calculated weft crimp percentage obtained by the 
developed model equation 4 and the green dot-tri-
angle line represents the measured weft crimp per-
centage value obtained by crimp percentage for-
mula Equation 1.  Both have a better correlation or 
approximation, with a straight-line drawn linearly 
by the continuous yellow line in Figure 4. Thus, the 
model equation 4 correctly predicts the weft crimp 
percentage of the plain woven fabrics that were used 
for the model extraction purpose.

3.4	 Model test
The model efficiency was tested by using four dif-
ferent fabrics that were not previously used for the 
model equation extraction. The fabric’s properties 
were studied and the weft density and linear densi-
ty were identified by using the ISO 7211-5 and ISO 
7211-2 standards, as shown in Table 6. The model 
test helped to determine the accuracy and reliability 
of the model equation by correlating the measured 
and calculated values through plotted graphs. If the 
correlation percentage value was higher, then this 
means that the model drives accurate and reliable 
results.  Table 6 shows the fabrics parameters used 
for the crimp percentage model test.
The correlation between the crimp percentage val-
ues obtained by the formula Equation 1 and the 
crimp percentage values from the developed model 
equation 4 was found to be strongly correlated with 
R² of 0.9518 at a 95% degree of freedom as shown 

Table 5: Crimp percentage measured and estimated values used for model validity test

Fabric code Warp density 
(threads/cm)

Warp count 
(tex)

Weft density 
(threads/cm)

Weft count 
(tex)

Measured 
crimp (%)

Estimated 
crimp (%)

F1 24 29.5 18 14.76 3.8 3.335
F2 24 29.5 21 14.76 3.88 3.787
F3 24 29.5 24 14.76 4.12 4.238
F4 24 29.5 18 29.5 4.56 5.070
F5 24 29.5 21 29.5 5.16 5.522
F6 24 29.5 24 29.5 5.96 5.973
F7 24 29.5 18 42 6.56 6.541
F8 24 29.5 21 42 7.2 6.993
F9 24 29.5 24 42 7.64 7.445

y = 0.53x + 2.8

R² = 0.95864
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Figure 4: The correlation for measured weft crimp percentage values by the crimp tester instrument and the 
estimated weft crimp percentage value by the model equation for model validity test
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in Figure 5. Thus, the model equation can be used 
for the prediction and evaluation of weft crimp per-
centages for fabrics which are a hundred percent 
cotton plain woven that may have different weft 
count and weft density.
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Figure 5: The correlation for measured and calculated 
weft crimp percentage for the model test

The model equation capacity is also checked by in-
dependent samples t-test. Depending on the t-test 
that is used, a sample mean to a hypothesized value, 
the means of two independent samples, or the dif-

ference between paired samples can be compared. 
As shown in Table 7, the group means are not sta-
tistically significantly different because the value 
in the “Sig. (2-tailed)” is greater than 0.05. Looking 
at the group statistics in Table 7, it can be observed 
that the measured weft crimp percentage values by 
the crimp tester instrument has no difference when 
it is compared to the weft crimp percentage calcu-
lated by the developed model Equation 4. Thus, as it 
is not significant, then it can be concluded that the 
model capacity of weft crimp percentage is proper-
ly explained by weft thread density and weft yarn 
count.

4	 Conclusion

The weft yarn count and weft density were used for 
the extraction of a weft crimp percentage model 
equation. All the fabrics used in this research work 
were produced on the same machine under the 
same conditions. The model equation was statisti-
cally significant at a confidence interval of 95%. It 
can adequately be used to describe the weft crimp 
percentage of plain woven fabrics. The weft yarn 
crimp percentage has a positive correlation with 
weft count and weft density for constant warp den-
sity and warp yarn count. The weft count and weft 
density has multicollinearity in the model term 

Table 6: Fabrics parameters used for crimp percentage model test

Fabric code Weave type
Linear density (tex) Thread density (1/cm) Crimp (%)

Warp Weft Warp Weft Measured Estimated

M1 Plain 32 32 32 28 6.58 6.870286

M2 Plain 20 20 20 20 4.48 4.253289

M3 Plain 36 36 21 21 6.448 6.287084

M4 Plain 34 34 28 20 5.62 5.901108

Table 7: Independent samples test

Equality of 
variances t-test for equality of means

F Sig. t df Sig. 
(2-tailed)

Mean 
difference

Std. error 
difference

95% confidence inter-
val of the difference
Lower Upper

Weft 
crimp (%)

Equal variances 
assumed .018 0.89 −.06 6 0.954 −0.0443 0.741 −1.858 1.769

Equal variances 
not assumed .018 0.89 −.06 6 0.954 −0.0443 0.741 −1.867 1.778
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because the VIFs values are greater than one. To 
produce fabrics with controlled and predetermined 
weft crimp percentages, the weft yarn linear densi-
ty and weft density should be taken into consider-
ation during production. The model was validated 
and tested by correlating measured weft crimp per-
centage values by a crimp percentage tester instru-
ment and calculated weft crimp percentage values 
by the developed linear model equation. It discloses 
that the model was strongly correlated at the confi-
dence interval of 95% with an R² 0.9586 and R² of 
0.9518, respectively. Also, the significance value of 
a t-test is not significant for both the measured weft 
crimp percentage values and calculated weft crimp 
percentage values. Thus, the model can be used to 
produce plain woven fabrics with a controlled weft 
crimp percentage and also for the evaluation and 
prediction of weft crimp percentage of plain wo-
ven fabrics. This study should be followed by fur-
ther research and investigation because count and 
density are not the only factors that affect the weft 
crimp percentage properties of woven fabrics. This 
research could be extended in the future by consid-
ering fiber type, yarn parameters, and their align-
ment in fabric structures, either in warp and weft 
direction or the machine setting parameters.
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Abstract
The development of new spinning technologies has produced cheaper yarns and with it, research into the 
production and application of woven and knitted fabrics from unconventional yarns. The tensile properties of 
knitted fabrics made of regenerated cellulose fibres (viscose, Tencel™ and modal) of the same count (20 tex) 
using ring, rotor and air-jet spun yarn were studied. The force/elongation diagram was analysed in order to detect 
elastic and plastic areas as well as the area of elastoplastic deformations responsible for the behaviour of knitted 
fabrics. The yarn raw material affects the elastic area of knitted fabrics made from different yarn structures in 
the course direction whereby the highest elastic area was obtained in the case of ring spun yarns followed by 
air-jet and finally rotor spun yarns. Regardless of the raw material, the elastoplastic area of the knitted fabric in 
the wale direction is the lowest for ring spun yarns. There is no visible trend of knitted fabric elastoplastic areas 
in the wale direction regarding the yarn type and raw material.
Keywords: regenerated cellulose fibres, conventional and unconventional spun yarn, double jersey fabric, tensile 
properties, elastic and plastic deformation

Izvleček
Razvoj novih tehnologij predenja je pripomogel k izdelavi cenejših prej, s tem pa tudi k raziskavam pri izdelavi in upo-
rabi tkanin in pletiv iz nekonvencionalnih vrst predivnih prej. V prispevku je opisana raziskava nateznih lastnosti pletiv, 
izdelanih iz regeneriranih celuloznih vlaken (viskoza, Tencel™ in modal). Preje z enako linearno gostoto (20 tex) so bile 
izdelane po prstanskem, rotorskem in curkovnem postopku predenja. Diagrami sila-raztezek so bili analizirani, da bi 
ugotovili lastnosti elastičnih in plastičnih območij ter območja viskoelastičnih deformacij, ki so odgovorne za specifično 
obnašanje pletiv. Vrsta materiala, iz katerega so izdelane preje, vpliva na elastično območje pletiv, izdelanih iz različnih 
vrst prej v smeri zančnih vrst. Največje elastično območje je imela prstanska preja, sledila je curkovna in nazadnje rotorska 
preja. Ne glede na vrsto materiala je bilo viskoelastično območje v smeri zančnih stolpcev najmanjše pri prstanski preji. 
Pri viskoelastičnih območjih pletiv v smeri zančnih stolpcev ni razpoznavnega trenda glede na vrsto preje in vlaken.
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Ključne besede: regenerirana celulozna vlakna, konvencionalne in nekonvencionalne predivne preje, desno-desno 
pletivo, natezne lastnosti, elastična in plastična deformacija

1	 Introduction

In the late 1960s, the disadvantages of ring spinning 
machines (power consumption as well as maximum 
production speeds) led to the development of var-
ious spinning techniques that provide higher pro-
duction speeds [1]. In the late 1960s and early 1970s, 
one of the new, completely different spinning sys-
tems was introduced which competed with the ring 
spinning system, i.e. the rotor spinning system. 
The rotor spinning system has lower production 
costs and is suitable for further automation; howev-
er, with limitations in the production of finer yarn 
counts (only medium and coarser yarns). Further 
development of higher production technologies, 
regarding the ring spinning technology, and finer 
yarns, regarding the rotor system, brought about 
the air-jet spinning system. In addition to the air-jet 
system, friction and wrap spinning systems were in-
troduced as well, although all three mentioned sys-
tems were accepted with varying degrees of accept-
ance [1]. The superiority of the air-jet system over 
the ring and especially the rotor system was the pos-
sibility to produce finer yarn counts (in the range 
from 7.5 tex to 12 tex). The development of new 
spinning technologies has resulted in many differ-
ent types of research that deepen the understanding 
of yarn structure as well as the structure of textile 
products made of new, the so-called unconventional 
yarns. New regenerated cellulose fibres find a wide 
range of applications in the clothing industry, espe-
cially for clothing worn close to the skin, as they of-
fer very good comfort. Previous studies showed that 
the raw material composition of the yarn as well as 
yarn type have a significant influence on the prop-
erties of knitted fabrics. Regenerated cellulose fibres 
(viscose, modal, Viloft®, MicroModal®, lyocell and 
bamboo) were spun in conventional yarn counts 
for ring spun yarns from 19.7 tex to 21.1 tex, com-
mercially used in the clothing industry (underwear, 
sportswear, T-shirts) [2]. Basic physical-mechanical 
yarn properties showed, due to the fibre type, sig-
nificant differences. Tenacity ranged from 11.7 cN/
dtex to 28.3 cN/dtex, elongation from 9.2% to 14.2%, 
CVm from 10.5% to 16.1%, number of thin places 
from 0 to 75, thick places from 1.3 to 142.5, neps 
from 25 to 326.3 and hairiness from 6.12% to 10.6%.

The investigation of the influence of the fibre raw 
material on yarn tensile properties showed a sig-
nificant influence of the raw materials tested in dry 
and wet state [3]. Yarns were conventional ring spun 
yarns from cotton, viscose and polyester of similar 
count (from 14 tex to 17 tex), paper yarns being pro-
duced by twisting Manila hemp paper fibres. The 
paper yarn count ranged from 19 tex to 33 tex. PES 
yarns have the highest percentage of elongation in 
the dry state, whereas paper yarns have the lowest. 
Unlike elongation, paper yarns have the highest 
breaking force and cotton yarns the lowest. A fur-
ther investigation of the influence of the yarn raw 
material (100% cotton and 95%/5% cotton/Lycra) 
and the knitted structure (single jersey and 1 × 1 
rib knitted fabric) on the tensile properties showed 
a significant influence of both the yarn raw material 
and the knitted structure [4].
The influence of conventional and compact ring 
spun yarns spun from American Upland cotton fi-
bres spun in three yarn counts (19.7 tex, 14.8 tex and 
11.8 tex) and the same twist factor (αm = 134) on 
the tensile strength, pilling and abrasion properties 
of fabrics was investigated [5]. The results of tested 
yarn properties (tensile strength, unevenness and 
hairiness) showed that compact yarns of all counts 
had higher tenacity and elongation at break, less 
yarn unevenness, fewer thick places and neps, but 
a higher number of thick places and less yarn hair-
iness. Better properties of compact yarns could be 
found in a better fibre orientation compared to ring 
yarns. The fabrics made of compact yarns showed 
higher tensile strength, the reason being better 
strength of compact yarns, as the differences in the 
strength values of fabrics were similar to the differ-
ences in the strength between yarns.
The authors Suzuki and Sukigara investigated ten-
sile properties and plain knitted fabric compres-
sion, bending and torsion properties, where knit-
ted fabrics were made by conventional ring spun 
yarns, vortex and open-end spun yarns from rayon 
fibres [6]. The authors investigated the influence of 
different spinning systems on the bending and tor-
sion properties of plain knitted fabrics. The authors 
found out that vortex spinning systems produce 
yarn structures that differ from ring and open-end 
spinning; however, they could not find a clear rela-
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tionship between the mechanical properties of the 
fabric and yarn.
The dimensional stability of knitted fabrics is one 
of the most discussed areas in the research field of 
knitted fabric production. Many authors concen-
trate on research into the dimensional stability of 
knitted fabrics; however, only few on the influence 
of yarn type and yarn raw materials on fabric con-
struction and tensile properties [7]. The influence 
of the yarn spinning technology on the spirality 
of jersey fabrics showed that yarns produced with 
different spinning technologies (ring, rotor, friction 
and air-jet spinning) affect the spirality of knitted 
fabrics differently [8].
In addition to different yarn types, the influence 
of cellulose yarns on the dimensional properties of 
knitted fabrics showed a significant effect of chang-
es in stitch length on course and wale spacing [9]. 
The investigation of the physical-mechanical pa-
rameters of different yarn types (ring, rotor and air-
jet) made of modal fibres showed significant differ-
ences in unevenness and yarn faults, hairiness and 
tensile properties [10].
However, the literature review showed that the in-
fluence of different yarn structures and fibre types 
on the tensile properties of knitted fabrics produced 
with the same machine parameters has not been 
systematically researched. In this paper, the tensile 
properties of knitted fabrics were investigated for 
spun yarns produced from regenerated cellulose fi-
bres (viscose, Tencel™, modal) using the ring, rotor 
and air-jet systems. The force-elongation diagram 
was analysed to determine the elastoplastic defor-
mation range (i.e. area between elastic and plastic 
deformation) that is responsible for the behaviour of 
the knitted fabric in use. The part of the diagram 
where elastoplastic deformations occur is particu-
larly interesting for knitted fabrics used in the man-
ufacturing of recreational clothing and/or clothing 
with a compression ratio from 0.5 kPa to 1.5 kPa. 
Testing the tensile properties, the moment of knit-
ted fabric breakage, the maximum force and elon-
gation at break is not disputable. However, it is not 
always easy to determine the elastoplastic area or 
the beginning of the permanent deformation of the 
knitted fabric. In the case of knitted fabrics made of 
yarns of different raw materials, fineness and struc-
ture, this area, i.e. the limit area of elasticity and 
area of permanent deformation, has not been suf-
ficiently investigated. The mentioned limit area and 
area of permanent deformation are very important 

in the production of quality recreational clothing, 
especially compressional recreational clothes or 
clothing for professional athletes.

2	 Materials and methods

2.1	 Yarn and knitted fabric
The ring, rotor and air-jet spun yarns with a nom-
inal count of 20 tex made of viscose, Tencel™ and 
modal fibres with a count of 1.3 dtex and length of 
38 mm were spun. The number of twists for viscose 
ring spun yarns was 745 m–1, 780 m–1 for Tencel™ 
and 746 m–1 for modal ring spun yarns. The rotor 
yarn twists were 750 m–1 according to the end use 
of spun yarns, i.e. for knitting. The viscose, Tencel™ 
and modal ring spun yarn were produced with the 
following procedure: preparation process (opening, 
blending and mixing), carding process, spinning 
preparation (drawing, pre-spinning and ring spin-
ning), winding and cleaning. The yarns were spun 
using a Zinser 351 ring-spinning machine (ring di-
ameter: 42 mm, ring type: f2, spindle speed: 16,500 
min–1), wound up and cleaned on an Autoconer X5. 
The rotor spun yarns made of viscose, Tencel™ and 
modal fibres were produced using the fibre prepa-
ration processes (opening, blending), carding, spin-
ning preparation (drawing) and rotor spinning us-
ing a Schlafhorst A8 rotor spinning machine. The 
air-jet spun yarns were made of viscose, Tencel™ and 
modal fibres using the preparation (opening, blend-
ing) and carding process, spinning preparation 
(three drawing passages) and air-jet spinning using 
a Rieter J 20 machine. A double bed circular knit-
ting machine was used to knit fabrics. The machine 
is generally used for knitting plain double-knit jer-
sey fabrics intended for the production of under-
wear. It is recommended to knit with single cotton 
yarns with counts from 12 tex to 36 tex, as the ma-
chine gauge is E17. It has 8 knitting systems; there-
fore, it was necessary to prepare 8 yarn packages for 
each yarn group. To control the tension of the yarn 
fed to the knitting system, Coni Memminger IRO 
positive feeders were used. The force amounted to 
3 cN ± 1 cN. The fabric take-down was performed 
with two pairs of rollers located 70 cm away from 
the knitting zone. The fabric was not wound onto a 
fabric roll, but it was plaited down on the tray below 
the take down rollers. Viscose, Tencel™ and modal 
ring, rotor and air-jet spun yarns with a nominal 
count of 20 tex were used to knit the fabrics.
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2.2	 Test methods for yarns and knitted fabrics
The count of yarns was determined according to 
the ISO 2060:2008 standard, while ring spun yarns 
were twisted according to 2061:2015. The twist 
of rotor spun yarn was determined according to 
machine parameters (rotor speed), while the air-
jet yarn twists were determined according to air 
pressure (vortex). The twist of rotor spun yarn was 
determined according to machine parameters (ro-
tor speed), while the twist of air-jet spun yarn was 
determined according to air pressure (vortex). The 
yarn tensile properties were determined in accord-
ance to the standard ISO 2062:2009 Textiles – Yarns 
from packages – Determination of single-end break-
ing force and elongation at break using constant rate 
of elongation (CRE) tester. The measurement of ten-
sile properties was made on an Uster Tensorapid 4 
instrument, with 100 measurements per package of 
each yarn type. The images of the ring, rotor and air-
jet spun yarn structure were taken with a Dino-Lite 
digital microscope (constant magnification of 60×).
The tensile properties of knitted fabrics were meas-
ured in the course and wale directions with 50 
mm wide and 200 mm long samples. The distance 
between the grippers of the tensile strength tester 
was 100 mm. Tensile properties were tested on a 
STATIMAT M tensile tester according to the stand-
ard ISO 13934-1. The results of breaking force and 
breaking elongation, work of rupture, strength 
and the force-elongation (F/Ɛ) diagram were de-
termined. The force-elongation diagrams obtained 
were analysed as follows.
The knitted fabric is subjected to the effect of the 
tensile force due to the tension elongation that oc-
curs. The F/Ɛ diagram of knitted fabrics can be di-
vided into three main areas, i.e. elastic area, elasto-
plastic area and plastic area. In the first, elastic area 

(from point 0 to T1), the action of the tensile force 
causes a certain amount of elongation due to the 
movement of yarn within the knitted structure (cf. 
Figure 1). In the region from 0 to T1, the stress and 
strain are not proportional. However, if we remove 
the load, the body returns to its original dimension. 
The elastic part of the knitted fabric on the F/Ɛ curve 
is linear. In the non-linear elastoplastic or viscoelas-
tic area (from point T1 to point T2), besides the yarn 
movement within the structure, a loosening of yarns 
occurs. In the non-linear elastoplastic area (from 
point T1 to point T2), besides the thread movement 
within the structure, the threads loosen. Point T2 
is the point of inflexion after which the third area 
begins up to point T3, the area of plastic perma-
nent deformation of the knitted fabric. In point T3 
(knitted fabric breakage), individual yarns within 
the knitted fabric structure break until the complete 
fabric breakage occurs. The tangents at points T1 
and T2 intersect in point T4, which is the point of 
critical elongation. Critical elongation is associated 
with force and elongation where the knitted fabric 
is tightened and the transition of the knitted fabric 
from the relaxed to the solid state occurs [9].
In the research, the main area of interest is the 
elastoplastic area or the limit area of elasticity and 
the area of permanent deformation of knitted fab-
rics. From the results obtained, parts of the elastic, 
elastoplastic and plastic surface of knitted fabrics 
with different yarn structure and fibre type were 
calculated.

3	 Results and discussion

The fineness of yarns is uniform and ranges from 
19.9 tex to 20.5 tex with a low coefficient of variation 

Figure 1: Knitted fabric F/Ɛ diagram
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(in the range 0.3% to 1.3%), indicating high quality 
yarns.
Generally, yarn twist number is defined related 
to the yarn end use. The yarns used in the experi-
ment are intended for the knitting process and have 
uniform twists with a low coefficient of variation 
(1.9% to 4.0%). The twist number of ring spun yarns 
slightly differs with regard to different raw material, 
i.e. viscose ring spun yarns have 744.7 m–1, modal 
746.1 m–1 and Tencel™ spun yarns have 779.7 m–1. 
The nominal twist number of rotor yarns calculat-
ed from the rotor speed amounted to 750 twists per 
meter. The high pressure of the air in the rotating 
vortex was 0.6 MPa. The number of twists of all 
tested yarns was uniform, with a twist coefficient 
ranging from 3,280 to 3,350 m–1 tex0.5.
Ring, rotor and air-jet spinning processes produce 
yarns with completely different structures and thus 
yarns with different properties. Figure 2 shows the 
yarn structure with characteristic twists of ring, 

rotor and air-jet spun yarns. The Tencel™ ring spun 
yarn consists of straight and parallel fibres twisted 
in the Z direction (cf. Figure 2a). Figure 2b shows 
the Tencel™ rotor yarn with disoriented fibres 
wrapped around the folded core. Tencel™ air-jet 
yarn fibres are tightly wrapped around the core of 
parallel, straight fibres (cf. Figure 2c).
The values of the yarn tensile properties, i.e. maxi-
mum force, elongation at break, tenacity and work 
of rupture, are given in Table 1. Viscose, Tencel™ 
and modal ring spun yarns have a higher maxi-
mum force, followed by air-jet and then rotor spun 
yarns. The difference in the maximum force of test-
ed yarns is the result of yarn spinning techniques 
that produce different yarn structures. In general, 
friction forces within the yarns (between the fibres) 
ensure the resistance of yarn to the applied tensile 
force. The friction forces between the fibres depend 
on the number of fibres in the cross-section and the 
twists of yarns. As the ring, rotor and air-jet yarns 

ring spun yarn rotor spun yarn air-jet spun yarn
Figure 2: Tencel™ ring, rotor and air-jet spun yarn images taken with  

Dino-Lite digital microscope (60× magnification)

Table 1: Yarn tensile properties

Fibre Spinning 
process

Tensile properties

Breaking force Breaking elongation Tenacity Work of rupture

X
_

 a)

(cN)
SD b)

(cN)
CV c)

(%)
X
_

 a)

(%)
SD b)

(%)
CV c)

(%)
X
_

 a)

(cN/tex)
SD b)

(cN/tex)
CV c)

(%)
X
_

 a)

(cNcm)
SD b)

(cNcm)
CV c)

(%)

Viscose

Ring 347.6 4 1.1 15.2 0.4 2.6 17.4 0.2 1.1 16.8 0.5 2.9

Rotor 272.7 3 1.1 10.9 0.3 2.7 13.6 0.2 1.1 9.7 0.2 1.9

Air-jet 313 4.8 1.5 12.4 0.3 2.2 15.6 0.2 1.5 12.1 0.4 3

Tencel™

Ring 551.8 12.7 2.3 10.1 0.1 1.4 27.5 0.6 2.2 16.5 0.5 3

Rotor 387 4.5 1.2 8.4 0.1 1.5 19.4 0.2 1.2 9.5 0.1 1.6

Air-jet 403.7 8.5 2.1 8.8 0.2 2.8 20.2 0.4 2.1 10.5 0.4 3.8

Modal

Ring 476.2 8.1 1.7 10.8 0.2 1.5 23.8 0.4 1.7 14.8 0.3 2.1

Rotor 307.9 5.1 1.7 8.2 0.1 1.6 15.4 0.3 1.7 7.7 0.2 2.7

Air-jet 415.4 9.4 2.3 9.2 0.2 2.5 20.8 0.5 2.3 11.2 0.4 3.9

a) average, b) standard deviation, b) coefficient of variation
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are produced with the same count and have approx-
imately the same number of fibres in the cross sec-
tion, different maximum forces result from different 
fibre rearrangement and yarn twist. When compar-
ing the same yarn type made of different fibre types, 
a significant difference in maximum force is appar-
ent. The maximum force difference for ring spun 
yarns ranges from 13.7% to 58.8%, for rotor spun 
yarns from 9.1% to 41.9% and for air-jet spun yarns 
from 2.9% to 29.0%. Therefore, it can be conclud-
ed that the greatest difference in maximum yarn 
strength within the same group of yarn types con-
sisting of different fibres (viscose, Tencel™ and mod-
al) is found in ring spun yarns, followed by rotor 
spun and finally air-jet spun yarns, where the dif-
ference is the smallest. The type of fibres affects the 

maximum yarn force regardless of the yarn struc-
ture; however, depending on the yarn structure, the 
difference in the maximum force will be greater or 
smaller (cf. Figure 3).
The yarn elongation within the same yarn type is the 
highest for viscose, followed by modal and Tencel™ 
yarns. Regardless of the fibre type, ring spun yarns 
have the highest elongation, followed by air-jet and 
rotor spun yarns (cf. Figure 3). The same trend is vis-
ible for yarn work of rupture. Ring spun yarns have 
the highest work of rupture, followed by air-jet and 
rotor spun yarns. The difference in work of rupture 
between the same types of viscose, Tencel™ and mod-
al yarns is not significant (cf. Table 1).
The basic knitted fabric parameters are present-
ed in Table 2. The table shows that the parameters 
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Figure 3: Ring, rotor and air-jet spun yarns F/Ɛ diagram

Table 2: Basic parameters of double jersey knitted fabric

Fibre Spinning 
process

Dc
 a) Dw

 b) T c)

M d) 
(g/m2)

Lu,a
 e) 

(1/cm2)
Vm f)

(g/cm3)
S g) 
(%)X

_
 h)

(1/cm)
SD i)

(1/cm)
CV j)

(%)
X
_

 h)

(1/cm)
SD i)

(1/cm)
CV j)

(%)
X
_

 h)

(mm)
SD i)

(mm)
CV j)

(%)

Viscose

Ring 10.9 0.2 1.9 11.8 0.1 1.2 0.63 0.01 1.9 165 257 0.262 39

Rotor 8.6 0.2 1.8 12 0.1 0.6 0.59 0.01 1.52 131 206 0.222 22

Air-jet 9 0 0 12 0 0 0.58 0 0.44 127 216 0.219 25

Tencel™

Ring 10.8 0.2 1.6 11.8 0.2 1.5 0.63 0.01 1.64 152 255 0.241 36

Rotor 9.2 0.2 1.8 12.1 0.1 0.9 0.61 0.01 1.46 128 223 0.21 25

Air-jet 9 0 0 12.3 0.2 1.7 0.62 0.01 1.17 132 221 0.213 25

modal

Ring 10.3 0.3 2.6 11.8 0.2 1.4 0.58 0.01 1 155 243 0.267 36

Rotor 9 0 0 12.2 0.2 1.4 0.61 0.01 0.84 128 220 0.21 25

Air-jet 9.1 0.1 1.3 11.6 0.1 1.1 0.6 0.02 2.76 131 211 0.218 25
a) Loop density in course of fabric, b) loop density in wale of fabric, c) fabric thickness, d) mass per unit area, e) number of loops per unit 
area, f) knitted fabric volume mass, g) shrinkage in course direction, h) average, i) standard deviation, j) coefficient of variation
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of knitted fabric structures are influenced by both 
the yarn types and the raw materials from which 
the yarns are spun. Mass per unit area (M, g/m2) is 
the most significant structure parameter, especially 
for plain knitted structures. For the analysed un-
finished samples of plain double jersey fabrics, the 
mass per square meter of the knitted fabric ranged 
from 127 g/m2 ± 3 g/m2 to 165 g/m2 ± 3 g/m2. The 
samples knitted with the yarns spun on rotor and 
air-jet spinning machines have the mass per unit 
area from 127 g/m2 ± 3 g/m2 to 132 g/m2 ± 4 g/m2, 
and statistically speaking, they are not significantly 
different. The samples knitted with the yarns spun 
on ring spinning machines have significantly high-
er mass, ranging from 152 g/m2 ± 3 g/m2 to 165 g/
m2 ± 3 g/m2. The difference of mass per unit area 
was up to 38 g/m2 or 23%. This is an important con-
clusion for the commercial mass production, which 
leads to the conclusion that it is very complex to 
produce knitted fabrics with the same yarn counts 
using different spinning processes. Therefore, it is 
not recommended to produce the same product in 
one batch with yarns spun using different spinning 
processes.
For knitting technologists, it is important to note 
that fabric mass per unit area is related to the fab-
ric shrinkage in the wale and course direction af-
ter the fabric is taken down from the machine and 
relaxed. The knitted fabric samples with higher 
mass per unit area had the highest shrinkage (af-
ter the removal from the machine and relaxation; 
from 36% to 39%), while the knitted fabric samples 
with lower mass per unit area shrank less (from 22% 
to 25%). On the basis of the above analysis, it can 
be concluded that the processes of ring, rotor and 
air-jet spinning lead to substantially different yarn 
structures, which is manifested in yarn stiffness or 
flexibility. The rotor and air-jet spinning processes 
produce stiffer yarn that during knitting forms a 
larger radius in the stitch curvature, consequently 
producing wider loops. The wider loop leads to less 
shrinkage and greater width of the knitted fabric. 
Table 3 presents the tensile properties of knitted 
fabrics produced using viscose, Tencel™ and modal 
ring, rotor and air-jet spun yarns.
The breaking force of the knitted fabric in the wale 
direction (ranges from 230.9 N to 491.8 N) is on 
average 3.12 times greater than the breaking force 
of the fabrics in the course direction (ranges from 
70.9 N to 103.8 N). The breaking force of the fabric 

depends on the breaking force of the yarn used 
for knitting. The lowest yarn breaking force was 
achieved with the viscose yarn spun using the ro-
tor spinning process (272.7 cN); therefore, the sam-
ples knitted with this yarn had the lowest breaking 
force (70.9 N). The highest yarns breaking force was 
achieved with the Tencel™ yarn spun using the con-
ventional ring spinning process (551.8 cN) and the 
samples knitted with this yarn had the maximum 
breaking force (103.8 N). Accordingly, the raw ma-
terial composition of the yarn and the spinning pro-
cess affect the breaking force of the yarn and thus of 
the knitted fabric.
The elongation at break is significant for knitted 
fabrics used to make different underwear and light 
clothing. In theoretical considerations, knitted fab-
rics intended for underwear and light clothing have 
4 times larger elongation at break in the course di-
rection than in the wale direction, and in this study, 
it is 5.7 to 7.3 times larger. The reason for higher 
elongation at break can be found in the yarn struc-
ture and the elongation at break of the yarn (rang-
es from 8.2 to 15.2%). The knitted fabric elongation 
at break depends on the elongation at break of the 
yarn, where the elongation at break of the yarn de-
pends on yarn structure and raw material. As with 
the two previous parameters, the maximum force 
and elongation at break of the knitted fabric, the 
work of rupture lies within a wide range and does 
not exhibit any particular regularity. In some knit-
ted fabrics, they are larger when stretched in the 
course direction and in some other fabrics, in the 
wale direction.
By analysing all results of the knitted fabric elon-
gation in the transverse direction, i.e. in the course 
direction, and in the longitudinal direction, i.e. in 
the wale direction, the percentages of elastic, elasto-
plastic and plastic areas were determined. Figure 4 
shows the percentages of elastic, elastoplastic and 
plastic areas in the course direction, and Figure 5 
shows the percentages in the wale direction. Values 
are sorted by the raw material composition and 
yarn spinning process. The percentages of elastic, 
elastoplastic and plastic areas in the course direc-
tion are the highest for the elastic area ranging from 
32% to 55%, followed by the plastic area from 27% 
to 41%, and the smallest percentages that connect 
the elastic and plastic area (elastoplastic area) range 
from 16% to 32%. For the tested knitted samples, 
these three areas differ significantly in quantity.
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Table 3: Double jersey knitted fabric tensile properties

Fibre Spinning 
process

Maximum force in 
knitted fabric course 

direction (Fc)

Maximum force in 
knitted fabric wale 

direction (Fw)

Elongation at break in 
knitted fabric course 

direction (Ɛc)

Elongation at break 
in knitted fabric wale 

direction (Ɛw)

X
_

 a)

(N)
SD b)

(N)
CV c)

(%)
X
_

 a)

(N)
SD b)

(N)
CV c)

(%)
X
_

 a)

(%)
SD b)

(%)
CV c)

(%)
X
_

 a)

(%)
SD b)

(%)
CV c)

(%)

Viscose

Ring 72.8 2.7 3.7 381 9.8 2.3 338.8 33.5 9.9 47.3 1.1 2.3

Rotor 70.9 2.9 4.2 230.9 13.7 5.9 220.6 9 4.1 33.2 1.4 4.1

Air-jet 74.4 3.3 4.4 290.2 14.5 5 276.8 5.5 1.9 47.7 1.2 2.5

Tencel™

Ring 103.8 4.8 4.6 491.8 19 3.9 328.2 11.1 3.4 49.3 3.1 6.3

Rotor 102.2 2.3 2.2 374.7 27.2 7.3 289.7 9.1 3.1 50.3 2.4 4.8

Air-jet 84.3 5.3 6.3 300.7 16 5.3 266.3 7.8 2.9 46.9 0.9 1.8

Modal

Ring 84.1 3 3.6 392 23.9 6.1 309.5 1.7 0.6 46.5 0.5 1.2

Rotor 90.8 4.9 5.5 268.4 20.1 7.5 255.4 10.1 3.9 45.2 1.7 3.8

Air-jet 76.9 2.9 3.8 282.8 20.4 7.2 249.5 8.6 3.5 34.4 0.7 2
a) average, b) standard deviation, b) coefficient of variation

Fibre Spinning 
process

Tenacity in knitted fabric 
course direction (Tc)

Tenacity in knitted fabric 
wale direction (Tw)

Work of rupture in 
knitted fabric course 

direction (Wc)

Work of rupture in 
knitted fabric course 

direction (Ww)

X
_

 a)

(cN/mm)
SD b)

(cN/mm)
CV c)

(%)
X
_

 a)

(cN/mm)
SD b)

(cN/mm)
CV c)

(%)
X
_

 a)

(cNcm)
SD b)

(cNcm)
CV c)

(%)
X
_

 a)

(cN cm)
SD b)

(cNcm)
CV c)

(%)

Viscose

Ring 145.6 2.7 3.7 762 9.8 2.6 521.6 101.8 19.5 678 23.8 3.5

Rotor 141.8 3 4.2 461.8 13.7 5.9 429.5 48.6 11.3 317.9 31.1 9.8

Air-jet 148.8 3.3 4.4 580.4 14.5 5 461.6 26.3 5.7 472.3 35.8 7.6

Tencel™

Ring 207.6 4.8 4.6 983.6 19 3.9 634.1 49.9 7.9 772.2 79.6 10.3

Rotor 204.4 2.3 2.2 749.4 27.2 7.3 664.8 42 6.3 570 63.1 11.1

Air-jet 168.6 5.3 6.3 601.4 16 5.3 464.8 32.8 7.1 438.4 19.5 4.5

Modal

Ring 168.2 3 3.6 784 23.9 6.1 494.1 15.5 3.1 555.1 46.1 8.3

Rotor 181.6 5 5.5 536.8 20.1 7.5 588 85.5 14.6 382.6 35.9 9.4

Air-jet 153.8 2.9 3.8 565.6 20.4 7.2 464.6 42.3 9.1 367.7 36.3 9.9
a) average, b) standard deviation, b) coefficient of variation
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Figure 4: Elastic, elastoplastic and plastic areas of knitted fabric elongation in course direction
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The lowest elastic area in the course direction was 
found for the knitted fabric from viscose rotor 
yarns (cf. Figure 4). The elastic area was 32% of the 
total elongation, the elastoplastic area was 41% and 
the rest of 27% belongs to the area between points 
T1 and T2 or to the plastic area. The highest elastic-
ity area was found in the sample knitted from the 
Tencel™ ring spun yarn. The elastic area amounts to 
55% in relation to the total elongation, the percent-
age range between points T1 and T2 (elastoplastic 
area) is 18% and the percentage of permanent defor-
mation is 27%. It can be seen that the elastic area of 
knitted fabrics in the course direction is the largest 
for ring yarns, followed by air-jet and finally ro-
tor spun yarns, regardless of the raw material. The 
yarn raw material affects the elastic area of knitted 
fabrics consisting of different yarn structures. The 
greatest reduction in the knitted fabric elastic area 
is visible between the viscose ring and rotor spun 
yarns (reduction of 30%). The reduction in the elas-
tic area of the knitted fabric in the case of viscose 
air-jet yarns is only by 13% lower when viscose ring 
yarns are taken into account. Taking Tencel™ ring 
spun yarns into account, the elastic area reduction 
for knitted fabrics with Tencel™ rotor and air-jet 
spun yarns is the same or 18% lower. Elastic area 
for knitted fabrics made from modal yarns of dif-
ferent yarn structures are 23% less elastic for air-jet 
and 25% less for rotor yarns compared to ring spun 
yarns. On the other hand, the elastoplastic area 
of the knitted fabric is the smallest for ring spun 
yarns, regardless of the raw material of spun yarns.

When testing the tensile properties of the knitted 
fabric in the wale direction, individual areas are 
quite different from those in the course direction 
due to different stitch directions. The share of the 
elastic area is represented by a percentage range 
from 15% to 26%, the plastic deformation from 49% 
to 70%, and the share from the end of elasticity to 
the beginning of plastic deformation (elastoplastic 
area) from 15% to 27% (cf. Figure 5). The diagram 
(cf. Figure 5) shows that the smallest elastic area in 
the wale direction was measured for the knitted fab-
ric knitted from viscose rotor spun yarns and was 
the same as in the course direction. The elastic area 
was 15% of the total elongation, the elastoplastic 
areas was 15% and the share of permanent defor-
mation was 70%. The largest elastic area was found 
for the sample of the knitted fabric knitted from the 
modal ring spun yarn. The elastic area was 26% rel-
ative to the total elongation, the elastoplastic area 
was 27% and the plastic area was 51%. Nevertheless, 
there is no trend in elastoplastic areas with regard 
to the yarn type and raw material as there is in the 
course direction.

4	 Conclusion

The fineness and the twist of yarns are uniform with 
a low coefficient of variation, which indicates high 
quality yarns. The difference in the tensile prop-
erties of tested yarns is the result of yarn spinning 
techniques that produce different yarn structures. 
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Figure 5: Elastic, elastoplastic and plastic areas of knitted fabric elongation in wale direction
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The type of fibres (viscose, Tencel™ and modal) in-
fluences the maximum yarn strength regardless of 
the yarn structure; however, depending on the yarn 
structure, the difference in maximum force will be 
greater or smaller. Ring spun yarns have the great-
est elongation followed by air-jet and rotor spun 
yarns, regardless of the fibre type. The fabrics were 
knitted using the same machine parameters, and 
the results show that the knitted structures are in-
fluenced by both the yarn types and the raw materi-
als from which the yarns were spun. The difference 
in mass per unit area, one of the most important pa-
rameters of the knitted structure, was up to 38 g/m2 
or 23%. This is an important factor for the commer-
cial mass production, which leads to the conclusion 
that it is very complex to produce knitted fabrics in 
one batch with the same yarn counts spun using 
different spinning processes. Knitted fabrics made 
of ring spun yarns have much higher mass (up to 
38 g/m2) compared to knitted fabrics made of rotor 
and air-jet spun yarns. The knitted samples with 
higher mass per unit area had the highest shrinkage 
after the removal from the machine and relaxation, 
which leads to the conclusion that the processes of 
ring, rotor and air-jet spinning produce substantial-
ly different yarn structures manifested in stiffness 
where stiffer yarn during knitting forms a larger ra-
dius in the stitch curvature, consequently forming 
wider loops. Wider loops result in less shrinkage 
and greater width of the knitted fabric.
The percentages of elastic, elastoplastic and plastic 
areas in the course direction are the highest for the 
elastic area ranging from 32% to 55%, followed by 
the plastic area from 27% to 41%, and the lowest 
percentages connecting the elastic and plastic area 
(elastoplastic area) range from 16% to 32%. When 
testing the tensile properties of the knitted fabric 
in the wale direction, individual areas are quite dif-
ferent due to different loop directions. The share of 
the elastic area is represented by a percentage range 
from 15% to 26%, plastic deformation from 49% 
to 70% and the percentage of the elastoplastic area 
from 15% to 27%. For the tested knitted samples, 
these three areas differ significantly in amount, 
both in the course and wale direction.
The elastic area of knitted fabrics in the course di-
rection is the highest in ring spun yarns, followed 
by air-jet and finally rotor spun yarns, regardless 
of the raw material. The yarn raw material affects 
the elastic area of knitted fabrics consisting of dif-
ferent yarn structures. The greatest reduction in the 

knitted fabric elastic area is visible between viscose 
ring and rotor spun yarns (reduction of 30%). On 
the other hand, the elastoplastic area of the knitted 
fabric is the smallest for ring spun yarns, regardless 
of the raw material of the spun yarn. In the elasto-
plastic areas of the knitted fabric, there is no visible 
trend in the yarn type and raw material in the wale 
direction as in the course direction.
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Abstract
The article studies the properties of textile materials filled with magnetite nanoparticles. These materials have 
great prospects for creating smart clothes. They have both magnetic and hygienic properties. Chemical trans-
formations in the production of magnetic nanopowder are described. The end product of the process is a 
mixture of oxides of divalent and ferric iron. The resulting mixture has magnetic properties. Conducted micro 
and macro experiments showed sufficient adhesion retention strength of magnetite nanoparticles in a textile 
material. Microscopic studies of the attachment of magnetic particles to the fibers of a textile material have 
been conducted. The data obtained in express mode allow us to determine the average mass of a magnetic 
particle in a textile material, the total number of nanoparticles, and, accordingly, to predict the magnetic force 
that a textile material saturated with magnetite can possess. The existence of the magnetic properties of a textile 
material filled with magnetite nanoparticles has been proven. A mathematical model of the dependence of 
the magnetic attraction force of a textile material on the distance and the number of abrasion cycles has been 
developed. The directions of the use of magnetic textile materials for the creation of smart clothes are proposed. 
Potential uses for such materials include sportswear and textiles for the disabled. The developed methods can 
predict the magnetic strength of the obtained textile materials and evaluate their resistance, which is necessary 
in the development of smart clothing elements based on these materials.
Keywords: textile materials, nanotechnology, magnetite, smart clothes, magnetic force

Izvleček
Članek je posvečen študiji lastnosti tekstilnih materialov, funkcionaliziranih z nanodelci magnetita, ki izkazujejo velik 
potencial za izdelavo pametnih oblačil. Odlikujejo jih magnetne in higienske lastnosti. Opisane so kemične pretvorbe 
pri proizvodnji nanodelcev magnetita v prahasti obliki. Končni produkt postopka je zmes oksidov dvovalentnega in 
trivalentnega železa. Nastala zmes ima magnetne lastnosti. Rezultati izvedenih analiznih metod so pokazali zadostno 
adhezijo magnetitnih nanodelcev v tekstilnem materialu. Opravljena je bila mikroskopska analiza magnetnih delcev 
na vlaknih tekstilnega materiala. Pridobljeni podatki omogočajo določitev povprečne mase magnetnih delcev v 
tekstilnem materialu, skupnega števila nanodelcev in posledično napoved magnetne sile, ki jo lahko ima tekstilni 
material, funkcionaliziran z magnetitom. Dokazan je bil obstoj magnetnih lastnosti funkcionaliziranega tekstilnega 
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materiala. Razvit je bil matematični model odvisnosti magnetne privlačne sile tekstilnega materiala od razdalje in 
števila ciklov drgnjenja. Predlagane so usmeritve za uporabo magnetnih tekstilnih materialov za izdelavo pametnih 
oblačil. Potencialne uporabe takšnih materialov so športna oblačila in tekstil za invalide. Z razvitimi metodami lahko 
predvidimo magnetno moč proizvedenih tekstilnih materialov in ocenimo njihovo obstojnost, kar je potrebno pri 
razvoju pametnih oblačil, ki temeljijo na teh materialih.
Ključne besede: tekstilni material, nanotehnologija, magnetit, pametna oblačila, magnetna sila

1	 Introduction

The trend of developing and creating smart clothes 
and smart materials is quite pronounced across 
the world. In some cases, the development of such 
clothing is based on traditional textile materials. At 
the same time, materials with new properties that 
allow you to create clothes of a new level constantly 
appear in the world. In [1], fabrics with the proper-
ties of electrical conductivity are considered, and in 
[2], materials with controlled thermal conductivity 
are developed.
In many cases, the creation of new textile smart ma-
terials is associated with modern nanotechnology. 
Articles [3, 4] substantiate the active development of 
textile materials using innovative nanotechnologies 
both in the production of such materials and in the 
direction of their finishing.
A large place is occupied by metal nanoparticles, 
which give the materials various properties in the 
process of creating textile materials with new prop-
erties. In [5], zinc oxide nanoparticles were pro-
posed to be used as chemical protective materials, 
while the efficiency was recognized as being quite 
high during photocatalytic degradation.
The article [6] states that homogeneous nanoparti-
cles of TiO2 and SiO2 can be useful for developing 
methods of protection against ultraviolet radiation 
for various substrates, including textile ones.
One of the applications of such materials is to pro-
tect against ultraviolet radiation, which has a neg-
ative effect on the human body [7]. The work [8] 
shows the process of metallizing textile materials 
with metal nanoparticles in order to protect a per-
son from electromagnetic radiation.
A series of data indicates that the filling of textile 
materials with nanoparticles has a significant anti-
microbial effect. According to various data, such an 
effect can be exerted by silver and copper nanopar-
ticles upon their modification of textile fibers [9]. 
Also, the results on the deposition of zinc dioxide 
nanoparticles for antimicrobial finishing of cotton 
fabric [10] are known.

The article [11] shows the use of metallic nanoma-
terials in imparting antimicrobial properties to 
textiles. Adhesive and protective properties were 
investigated. The test results showed that the nano-
particle coated fibers had high antibacterial activity.
A number of studies consider the use of magnetite 
nanoparticles [12], which in addition to magnetic 
and protective properties, also have bacteriostatic 
properties [13] as a prospect.
The introduction of such materials into modern 
smart technologies is hampered by the absence of 
regularities in their properties, which, in turn, is 
constrained by the complexity of micro-research-
ing nanomaterials. In [14–15], express methods for 
studying nanomaterials based on mathematical 
modeling of their dispersion are substantiated.
The aim of this work is to substantiate the laws of 
magnetic properties in textile materials containing 
magnetite nanoparticles based on statistical micro-
metric studies through the process of modeling the 
real magnetite content in textile fibers.
The obtained results will allow us to develop smart 
materials with new qualities, which, in addition to 
the properties of antimicrobial and electromagnetic 
protection, will have magnetic qualities which will 
significantly expand the scope of their application 
[16–17].

2	 Methodology

The device is based on a glass reactor for the syn-
thesis of substances 1 (Figure 1). Above the reactor 
(1) filled with solution (2), an asynchronous motor 
(4) is fixed and a glass mixer (3) is connected to it. 
Given the low mechanical properties of the mixer 
and the need to prevent unwanted vibrations, the 
mixer passes through an additional bearing (5). The 
speed of the motor is regulated by a transformer.
The process is carried out in a chemical cabinet with 
the suction of unwanted substances. Aqueous mix-
tures of ferrous sulfate and ferric chloride are mixed 
in the reactor.
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The reactor is covered by a thermal insulator. Above 
the reactor, a vessel with a solution of ammonia (7) 
is situated. Through the dispenser (8), the liquid is 
fed in drops (9) into the reactor hole.
Continuous stirring is performed. Samples are 
constantly taken until an alkaline environment is 
achieved.
The reactions that occur can be represented as:

FeSO4 + 2 NH4OH→FeO + (NH4)2SO4� (I)

FeCl3 + NH4OH→Fe(OH)3 + (NH4)3Cl� (II)

2 Fe(OH)3 → Fe2O3 + H2O� (III).

The finished product of our process is a mixture of 
oxides of ferrous and trivalent iron. The resulting 
mixture has magnetic properties. Raising a magnet 
to the vessel forms a characteristic profile of the lo-
cation of the particles (Figure 2). The most probable 
reason for the curvature of the distribution profile is 
the different particle size. According to our hypoth-
esis, the deviation of the profile from the line shows 
the deviation of particle sizes from the mean value. 
The resulting distribution is almost normal.
The final product was obtained using a device for 
vacuum filtration (Figure 3). This device consist-

ed of a vacuum pump (1), a Bunsen flask (2) and a 
Buchner funnel (3).
Magnetite was applied to the fabric surface as a sus-
pension of nano powder with a Fe3O4 content of 
43% stabilized potassium oleate. After application 
to the material, the samples were squeezed, rinsed 
in cold water and dried. The strength of the nano-
powder in the fibers of the material was checked by 
conducting abrasion tests of the samples and mi-
croscopic studies of the microfibers of the material 
were conducted.

3	 Results and discussion

Magnetite impregnation of cotton textile material 
results in the appearance of magnetic properties.
Micrometric studies of cotton fibers impregnated 
with magnetite nanoparticles demonstrate a rath-

Figure 1: Device for mixing the solution for the 
preparation of magnetite
Legend: 1 – reactor  2 – solution  3 – glass mixer  4 – 
asynchronous motor  5 – bearing  6 – thermal insula-
tor  7 – solution of ammonia  8 – dispenser  9 – drops of 
ammonia

Figure 2: Demonstration of magnetic properties of 
magnetite nanoparticles

Figure 3: Device for vacuum filtration of magnetite
Legend: 1 – vacuum pump 2 – Bunsen flask 3 – Buchner 
funnel
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er complex distribution of particles over the fibers 
(Figure 2). At the same time, significant adhesion of 
particles to fibers is observed. Unfortunately, an opti-
cal microscope under the conditions of rapid experi-
ments does not make it possible to identify magnetite 
particles in the nanoscale range.
At the same time, these conditions make it possible to 
identify the initial branch of the particle size distri-
bution curve. Based on the assumptions given in [15], 
the distribution of the dimensions of magnetic parti-
cles can be described by the equation 1 and a graph, 
shown in Figure 3:
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where d is the dimension of a magnetic particle, a and 
b are constants that show the dispersion intensity of 
nanoparticles.

In this case, the difference between Smik and Smax 
shows the area available for observation in an opti-
cal microscope. The obtained data in the microsize 
range (Figure 2) allow the prediction of the size dis-
tribution according to the method described in the 
article [15].
The data obtained in express mode allow us to de-
termine the average mass of a magnetic particle in a 
textile material, the total number of nanoparticles, 
and, accordingly, to predict the magnetic force that a 
textile material saturated with magnetite can possess.
Unfortunately, most of the magnetite particles de-
posited on the textile material have nanoscale and 
are not available for direct observation. Meanwhile, 
the technique described in [15] makes it possible to 
determine the real distribution based on the analy-
sis of measurements in the optical range. In this case, 
the proportion of nanoparticles that fall into different 
size ranges, determined by the method of [15] is given 
in Table 1.
To reveal the magnetic properties of the obtained tex-
tile materials, an installation was used (Figure 4), in 
which a sample with a magnetic textile material (1) is 
located. The instrument is based on an electronic bal-
ance (2). The sample (1) is separated from the balance 

Figure 5: The distribution of magnetite particles on 
the fibers of a textile material

Figure 4: Cotton fabric fibers with magnetite 
microparticles

Table 1: Particle size distribution

Particle size (nm) 0–30 30–60 60–90 90–120 120–150 150–180
Relative number 0.18 0.26 0.21 0.15 0.1 0.04
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using a magnetic insulator (3) to prevent the influ-
ence of magnetic fields on the balance readings. A 
permanent magnet (4) is fixed on the rack (5) above 
the balance. This device has the ability to change 
the distance between the magnet and the material x. 
The difference between the readings of the balance 
in a magnetic field and without it shows the mag-
netic force that acts on the textile material.
For the experiment, a sample of cotton material was 
taken with a surface density of 60−90 g/m2 with a 
size of 10 × 10 cm (Figure 6).

Figure 6: Measuring the force of magnetic attraction
Legend: 1 – textile material 2 – electronic balance 3 – 
magnetic insulator 4 – permanent magnet 5 – rack

Experiments with different saturations of textile 
material with magnetite nanoparticles were con-
ducted. The distance from the magnet, as well as 
the content of nanoparticles in the material were 
changed. In addition, the retention resistance of the 
nanoparticles in the textile material was measured. 
In this case, the material with deposited magnet-
ite was subjected to cyclic abrasion, after which the 
magnetic attraction force was measured.
Let us analyze the graph in Figure 7. When the 
magnet is removed from the material, the graph 
asymptotically approaches zero. The exponential 
function (equation 2)

Tekstilec, 2022, Vol. 0(0), 1-XX 
DOI: 10.14502/Tekstilec2021.65.2021050 
Firt Published December xx, 2021 
 

Figure 6: Measuring the force of magnetic attraction 

Legend: 1 – textile material 2 – electronic balance 3 – magnetic insulator 4 – permanent magnet 5 

– rack 

 

Experiments with different saturations of textile material with magnetite nanoparticles were 

conducted. The distance from the magnet, as well as the content of nanoparticles in the material 

were changed. In addition, the retention resistance of the nanoparticles in the textile material was 

measured. In this case, the material with deposited magnetite was subjected to cyclic abrasion, 

after which the magnetic attraction force was measured. 

Let us analyze the graph in Figure 7. When the magnet is removed from the material, the graph 

asymptotically approaches zero. The exponential function (equation 2) 

 







 



 h
xhb

eaxf )(  (2) 

 

where a is the force corresponding to the weight of the sample, b is the intensity of the decrease 

in force with distance from the magnet, h is the distance to the magnet at which the force of 

attraction corresponds to the weight of the sample  

In this function, the value of h determines the distance to the magnet at which the force of 

attraction corresponds to the weight of the sample (the material ceases to be a separate sample 

and sticks to the magnet), the value of b determines the intensity of the decrease, the value of a 

determines the value of the function. The value of h below the exponent in the denominator is 

entered to ensure that the argument is dimensionless. 

 

� (2)

where a is the force corresponding to the weight of 
the sample, b is the intensity of the decrease in force 
with distance from the magnet, h is the distance to 

the magnet at which the force of attraction corre-
sponds to the weight of the sample.
In this function, the value of h determines the dis-
tance to the magnet at which the force of attraction 
corresponds to the weight of the sample (the mate-
rial ceases to be a separate sample and sticks to the 
magnet), the value of b determines the intensity of 
the decrease, the value of a determines the value of 
the function. The value of h below the exponent in 
the denominator is entered to ensure that the argu-
ment is dimensionless.

Figure 7: Changing the magnetic force of a textile 
sample from a distance

At zero value of x-h, the maximum force of attrac-
tion of the textile material to the magnet is ob-
served. The behavior of the function demonstrates 
the extremum. Such behavior cannot be described 
by a simple exponent. To ensure this behavior, it is 
proposed to exponentiate the argument below the 
exponent. Then, the function will take the form of 
equation 3.
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The conducted studies of the magnetic properties 
showed the dependence on the saturation of the 
tissue with magnetite particles, the distance to the 
magnet, the number of cycles of friction between 
the tissue and the nanoparticles. The measurement 
results are shown in Figure 4.
The data in Figure 2 can be approximated by de-
pendence (equation 4).
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Tests were carried out with the abrasion of a textile 
sample after ten, thirty and one hundred abrasions.
It was shown that in the general case the magnetic 
force is determined by equation 5.
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Figure 9: Movement of a magnetic textile material in 
an alternating magnetic field

In the case of an alternating magnetic field, the 
magnetic textile material acquires the ability to 
move in a controlled manner (Figure 9). This dy-
namic allows for a massaging or other movement 
to provide comfort, which can be beneficial for ath-
letes [20] or sick people. Application of magnetic 
nanomaterials to the surface of pile materials are 
shown in Figure 10.

�
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Figure 10: Magnetic pile materials in an alternating 
magnetic field

In the case of using pile magnetic materials, it be-
comes possible to localize the body in an arbitrary 
place to create a treatment effect or comfort.

4	 Conclusion

Textile material filled with nanoparticles of mag-
netite has great prospects for creating smart clothes. 
The resulting materials, in addition to magnetic 
properties, have a hygienic and disinfecting effect. 
A mixture of oxides of ferrous and ferric iron in the 
form of nanoparticles has good adhesion to the fib-
ers of the textile material. An express method for 
predicting the statistical distribution of magnetite 
nanoparticles in a textile material based on obser-
vation data is proposed. The developed methods can 
predict the magnetic strength of the obtained tex-
tile materials and evaluate their resistance, which is 
necessary when developing smart clothing elements 
based on these materials.
According to our observations, the mechanical 
properties of the textile material changed insig-
nificantly after the application of magnetic nan-
opowder. The resistance to retention of magnetic 
nanoparticles increases significantly over time and 
after 2–3 days abrasion is almost not observed. We 
believe that the kinetics of changes in the retention 
resistance of nanoparticles in a textile material re-
quires further study.
In addition, our preliminary studies described in 
[17] demonstrate the bacteriostatic properties of 
magnetic textiles, which will further prove the ra-
tionality of its use in smart clothing.
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Abstract
Environmentalism leads to the concept of eco-friendly clothing (EFC) and its popularity is advancing all over the 
world. In-depth knowledge acquisition regarding EFC has become a fundamental requirement for Bangladeshi 
Textile undergraduates as they are the future professionals in the EFC sector. To ascertain the knowledge level 
and perception of the Bangladeshi textile undergraduates regarding EFC was the aim of this study. In this explor-
atory study, a self-administered questionnaire was used to collect data through purposive sampling from the 
students enrolled into the Bangladesh undergraduate Textile Engineering programme. The respondents were 
282 students of the fourth year of different universities located in Dhaka city. Descriptive statistics were used to 
represent the findings of the research. The results showed that 82.3% of the respondents were informed about 
EFC, 35.8% were knowledgeable regarding EFC raw materials and 53.02% were cognisant about the production 
process. 89.4% of the respondents expected one particular course on EFC in curriculum and 94% wanted to 
contribute towards EFC in the future. The study revealed that undergraduates have a knowledge gap regarding 
EFC, while their willingness to learn and contribute is very optimistic. The findings suggested that the evaluation 
and modification of the curriculum for EFC and incorporation of EFC courses can lessen this salient gap.
Keywords: eco-friendly clothing, textile undergraduate, knowledge, perception, curriculum

Izvleček
Okoljevarstvo vodi do koncepta Okolju prijaznih oblačil, s katerim se srečujemo po vsem svetu. Poglobljeno pridobivanje 
znanja o okolju prijaznih oblačilih je postalo temeljna zahteva dodiplomskega študija tekstilstva v Bangladešu, katerega 
študenti so bodoči strokovnjaki v oblačilnem sektorju. Glavni cilj študije je bil ugotoviti raven znanja in zaznavanja okolju 
prijaznih oblačil dodiplomskih študentov tekstilstva v Bangladešu. V raziskovalni študiji je bil uporabljen vprašalnik za 
zbiranje podatkov s pomočjo namenskega vzorčenja študentov, vpisanih v bangladeški dodiplomski študijski program 
tekstilnega inženirstva. Anketiranih je bili dvesto dvainosemdeset študentov četrtega letnika z različnih univerz v Daki. 
Za prikaz ugotovitev raziskave je bila uporabljena deskriptivna statistika. Rezultati so pokazali, da je 82,3 odstotka 
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anketirancev seznanjenih z okolju prijaznimi oblačili, 35,8 odstotka jih je bilo seznanjenih s surovinami za izdelavo 
okolju prijaznih oblačil in 53,02 odstotka s proizvodnim procesom tovrstnih oblačil. Kar 89,4 odstotka anketirancev je 
pričakovalo poseben predmet o okolju prijaznih oblačilih v predmetniku, 94 odstotkov pa jih želi prispevati svoj delež 
k izdelavi okolju prijaznih oblačil v prihodnosti. Študija je pokazala, da imajo dodiplomski študenti vrzel v znanju o 
okolju prijaznih oblačilih, medtem ko sta njihova pripravljenost za učenje in prispevek k izdelavi tovrstnih oblačil zelo 
optimistična. Ugotovitve kažejo, da lahko vrednotenje in sprememba predmetnika ter vključitev predmetov o okolju 
prijaznih oblačilih zmanjšajo ugotovljeno izrazito vrzel.
Ključne besede: okolju prijazna oblačila, dodiplomski študij tekstilstva, znanje, zaznavanje, učni načrt

1	 Introduction

Clothing industries have both social and environ-
mental negative externalities [1, 2], whereas the 
environmental loss is the most significant among 
all other magnitudes [3‒5]. The negative impact of 
mass industrialisation is well cited in previous re-
searches [6‒10]. Like many other industries, cloth-
ing industries are responsible for environmental 
pollution predominantly through the dyeing, print-
ing, finishing process [11], and garment washing, 
which increase solid waste in nature [12]. Clothing 
manufacturing processes release harmful substanc-
es, e.g. pesticides, heavy metals and toxic chemicals 
into the atmosphere [13], which affect biodiversity 
and human life as well [14]. As a result, textile in-
dustries have received increasing attention from 
environmentalists, suppliers, retailers, designers, 
consumers and politicians [15]. To reduce the en-
vironmental damage by textile products and cloth-
ing, the term “eco-fashion” became popular with 
fashion designers in the recent past [10, 16]. In a 
general definition “The clothing that causes mini-
mal to zero harm to the environment, produced by 
organic fibres, in absence of toxic dyes and chemi-
cals, takes into account the human health is called 
eco-friendly clothing (EFC)” [17‒19]. Green, organ-
ic, natural, environment and sustainable terms are 
also used instead of “eco” during promotional prac-
tice [20] and in scholarly research [21, 22]. There 
are many options applied in the textile industry to 
make clothing environment friendly, e.g. use of sus-
tainably grown fibres like organic cotton, bamboo, 
hemp or others which require less pesticides and 
irrigation [23]. Payne [24] and Eryuruk [25] point-
ed out the “life-cycle thinking in design process” as 
an alternative route to make clothing eco-friendly. 
Another approach is the recycling of postconsum-
er plastic bottles [26] made of polyethylene tere-
phthalate (PET) to weave fabrics [27]. Developing 
countries are endeavouring to bring consciousness 

along with sustainable practice to mitigate the en-
vironmental impact of textile processing [28, 29]. 
EFC can reduce the negative impact on the environ-
ment by using responsibly sourced products which 
are either renewable or sustainably harvested [30]. 
Similarly, Kutsenkova [31] states that sustainable 
clothing or EFC is produced to reduce textile waste, 
environmental depletion and unethical treatment of 
workers. Considering the AASHE (The Association 
for the Advancement of Sustainability in Higher 
Education) “sustainability” definition, EFC should 
be produced by “encompassing human and ecolog-
ical health, social justice, secure livelihoods and a 
better world for all generations” [32].
Global environment friendly clothing production 
and consumption has increased rapidly [33], as has 
consumers’ preference to eco-friendliness [34, 35]. 
As a result, the demand of green products [36] and 
EFC has increased significantly [37, 38]. Consumer 
behaviour in recent era is often influenced by the 
environmental impact of the clothing which was 
neglected before [39‒41]. Moreover, consumers are 
becoming aware regarding the clothing they wear 
and its effects on the environment [42]. Therefore, 
many pieces of research mainly focus on consumer 
purchasing intention and perception towards EFC 
[43‒49]. The influencing factors of EFC (eco-label-
ling strategy, aesthetic value, style, price, comfort, 
quality and awareness) are well investigated in pre-
vious researches [50‒56]. Barriers to EFC were also 
mentioned by Laitala et al. [57], Witek [58] and 
Young et al. [41]. Surprisingly, fewer researches ex-
ist on the exploration of EFC or sustainable fashion 
awareness and purchasing intension among the 
textile undergraduates, who are the future profes-
sionals in this sector [6, 10]. Additionally, a limited 
number of research studies on curriculum assess-
ment, exploration of textile and apparel undergrad-
uates’ knowledge regarding sustainability and EFC 
[59, 59]. Landgren and Pasricha [60] concluded the 
importance of teaching the sustainability concept. 
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Brosdahl & Carpenter [61] conducted a study on 
assessing textile and apparel undergraduates’ envi-
ronmental knowledge, concern and responsibility 
regarding clothing. Kim and Damhorst [62] devel-
oped a scale to measure the textile and apparel un-
dergraduates’ knowledge about the environmental 
impact of clothing. Furthermore, Kim and Johnson 
[63] identified the automation and mass customisa-
tion as the most influencing factors for impending 
apparel production by exploring the perception of 
apparel undergraduates. To the most excellent of 
our knowledge, no investigation has been conduct-
ed on the EFC perception for Bangladeshi textile 
undergraduates.
Bangladesh has been receiving an increasing order 
of EFC from several multinational brands to pre-
vent environmental pollution as it is the second 
largest exporter of apparel [64, 65]. In the very near 
future, the nation will require an adequate sum of 
experts in EFC or sustainable clothing. Kantane et 
al. [66] stated the changes of demand in career field, 
asking to change the approach to the main principle 
of the education system. However, there has been no 
research addressing how we can prepare the textile 
undergraduates or pre-professionals for the chal-
lenges they will meet in executing sustainable prac-
tices in the clothing industry in Bangladesh. The 
assessment of curriculum compatibility with the 
employment trend is barely a topic for research in 
the education system of Bangladesh [67]. The textile 
education is not an exception and is included in this 
outline. There is no information on the assessment 
of the Bangladeshi textile undergraduates’ knowl-
edge, curriculum content and overall EFC percep-
tion to date. If universities cannot prepare sufficient 
workforce with contemporary textile knowledge 
on EFC, clothing industries will face a shortage of 
necessary human capital to meet the future demand 
for it. It can create impediments in the position of 
the second largest exporter since Bangladesh faces 
the challenge of product diversification [64, 68]. The 
clothing manufacturers in Bangladesh have taken 
several initiatives for diversifying apparel products 
to meet the increasing demand [69] and 40% of 
them have introduced new products as exportable 
items [70]. As EFC is a diversified, growing demand 
product and links to clothing sustainability [60, 71], 
it is high time to explore the textile undergraduates’ 
knowledge and perception regarding it. Kilbrink 
and Bjurulf [72] stated that the knowledge learned 
in institutions is a vital issue of job performance. It 

also affects the decision making of the career field 
[73]. It acts as a catalyst for students’ attitude to 
change [74] and can stimulate action [75]. Kallgren 
and Wood [76] stated that knowledge is used as ex-
periences for future tasks and curriculum is the key 
to lessen the knowledge gap and modify the educa-
tion system [77]. Hence, relevant knowledge about 
EFC is imperative to develop the eco-friendly atti-
tude and make textile undergraduates decisive for 
future need.

1.1	 Research objectives
The aim of this paper was to investigate the textile 
undergraduates’ knowledge and perception towards 
EFC in relation to curriculum and willingness to 
contribute towards the EFC issue in the future. 
The study also emphasises the existing curriculum 
contents about EFC. This exploratory research will 
provide textile educators with the understating of 
undergraduates’ knowledge and perception towards 
EFC. The findings will also provide a lens to under-
stand if further modification is required in the ex-
isting curriculum to educate the future workforce 
properly.

2	 Methodology

2.1	 Design or approach
An exploratory research approach was followed to 
evaluate the knowledge and perception towards EFC 
of the undergraduates’ of the Textile Engineering 
programme. The respondents are enrolled in differ-
ent universities located in Dhaka city of Bangladesh.

2.2	 Population and sampling technique
In standard curriculum, there is no specific course 
on EFC or sustainability in the Textile Engineering 
programme of Bangladesh; however, students of 
the fourth year are taught about clothing sustain-
ability and environmental impact of clothing at 
two specific courses, i.e. “Environmental Studies” 
and “Textile & Apparel Merchandising” [78]. The 
selected topic is embedded in these two cours-
es. The target population of this study are the 
fourth year students of the undergraduate Textile 
Engineering programme in Bangladesh. Textile 
Engineering institutions of Bangladesh provide 
a BSc degree in Textile Engineering with majors 
in Yarn Engineering, Fabric Engineering, Wet 
Process Engineering, Apparel Engineering, Textile 
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Engineering Management, Textile Fashion Design, 
Industrial and Production Engineering, Textile 
Machinery Design and Maintenance, Dyes and 
Chemical Engineering, and Environmental Science 
Engineering. The topics included in the aforemen-
tioned two courses are environmental impact of 
textile production, sustainable production process, 
characterisation and control of textile waste, envi-
ronmental law, new methods of automatic process 
control, overview of merchandising, key responsi-
bilities, fashion trends, technological innovation in 
fibres and fabrics, and analysis of trend and future 
demand of clothing market. Individual respondents 
were selected by means of purposive sampling.

2.3	 Questionnaire design and data collection
Data collection was performed through a self-ad-
ministered questionnaire based on the research 
objectives. The questionnaire was prepared by fol-
lowing the literature on eco-friendly clothing and 
finalised after the evaluation of two clothing sus-
tainability experts. The questionnaire was designed 
with a combination of four sections, where the first 
one was comprised of socio-demographic informa-
tion of the respondents, the second part contained 
the fundamental questions about EFC and the cur-
riculum was the third part in the questionnaire. The 
final section was about the respondents’ willingness 
to contribute to the EFC sector as their dedication 
can make significant alterations. The option of re-
sponses were multiple choice (e.g. “From where did 
you come to know about EFC?”), yes-no (e.g. “Do 
you know the manufacturing process of EFC?”) and 
Likert-type scale items (e.g. “To what extent do you 
agree or disagree with the statement “Satisfactory 
information included in the existing curriculum on 
EFC”). In total, there were six demographic ques-
tions, six basic questions to measure the knowledge 
level and eight questions to assess the perception 
of EFC. Two research assistants were trained up by 
the principle investigator for data collection with 
a detailed guideline about the questionnaire. For 
data collection, faculty members of corresponding 
institutions were contacted via email or phone for 
permission to conduct the survey during their lec-
ture. A pilot test was carried out in one of the textile 
institutions in Dhaka in Bangladesh. The final data 
consists of 282 respondents with a 94% response 
rate. Textile undergraduates outside Dhaka are not 
considered in the study due to the lack of formal ap-
proval from corresponding textile institutions.

2.4	 Data analysis
Descriptive statistics (frequencies, percentages and 
central values) were performed by the software SPSS 
20 to characterise the collected data. Responses to 
demographic contents, multiple-choice and Likert-
type scale item were used in the results – discussion 
part of data analysis.

3	 Results and discussions

The following subsections provide detailed find-
ings of respondents’ demographic characteristics, 
knowledge level and perception in the context of 
curriculum and interest to contribute towards EFC.

3.1	 Demographic information of respondents
Table 1 shows the demographic information of the 
respondents. 83.3% of the respondents are male and 
16.7% female students. The cultural prospect is ex-
plained as a determinant of such a higher portion 
of male students since traditionally, boys are en-
couraged towards the scientific domain of study like 
engineering, which is considered a male-dominated 
profession [70, 80]. The median age of the respond-
ents is 23.5 years and over half of them are between 
23 and 25 years old.

Table 1: Demographic characteristics of respondents

Demographic categories Frequency (n) Share (%)
Gender
Male 235 83.3
Female 47 16.7
Age (in years)
< 23 126 44.7
23–25 149 52.8
> 25 7 2.5
University grant type
Public 81 28.7
Private 201 73.1

3.2	 Textile undergraduates’  
knowledge regarding EFC

Firstly, informed respondents were distinguished 
in the study to investigate their knowledge level. 
The informed or aware respondents are those of the 
total respondents who have heard about EFC from 
different sources before this survey (cf. Table 2). 
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Afterwards, four basic questions about EFC (pro-
duction process, raw materials and suitable fibres) 
were included in the questionnaire to further inves-
tigate the informed group of respondents (cf. Tables 
3–5).

Table 2: Awareness and source of knowledge of 
respondents informed about EFC

Source of knowledge 
about EFC

Awareness about EFC
Yes No

University course 104

50

Family/friends 21
Seminar/workshop 23
Newspaper/Magazine 38
Social Media 40
Others 6
Total 232
Share (%) 82.3 17.7

It is evident that most of the respondents were fa-
miliar with the term EFC. 82.3% of the respond-
ents were well-aware about the term. They have 
learned about EFC from different sources. Among 
this informed group of respondents, the majority 
of them have learned about it from their under-
graduate course (44.82%), 17.24% from social me-
dia, 16.37% from newspapers or magazines, 9.9% 
from various academic seminars or workshops, 
9.05% from friends and relatives, and the rest have 
learned about EFC from other sources (2.57%). The 
response to knowledge sources varies and 55.18% of 
aware respondents have heard the term from other 
sources apart from university courses. The absence 
of specific courses on EFC in the existing curricu-
lum is a plausible reason behind this unusually high 
percentage. Additionally, 17.7% of the respondents 
were found entirely unaware of it. They became fa-
miliar with the term during the survey. 51% of these 

unaware respondents are from a particular institu-
tion where no informed respondents were found. 
49% are scattered in another two institutions to 
which also informed respondents belong. It should 
be a matter of concern for textile institutions, ed-
ucators and manufacturers since EFC is the lat-
est trend in the clothing industry [81]. The lack of 
awareness about it may create an internal threat to-
wards the advancement of the sustainable clothing 
industry in Bangladesh. Hur and Cassidy [82] stated 
that the lack of knowledge on sustainability is one of 
personal and organisational challenges which need 
to be overcome for a sustainable clothing practice. 
Kantane et al. [66] stated that awareness is the most 
significant factor considered by employers. As prod-
uct knowledge always influences the adaptation of 
new products [83, 84], professionals are increasing-
ly interested in accumulating knowledge regarding 
sustainable clothing [21] and hiring knowledgeable 
workers. Hence, universities need to prepare the un-
dergraduates with relevant knowledge of EFC for 
future. The findings in Tables 3, 4 and 5 also suggest 
this statement. Brosdahl and Carpenter [61] con-
cluded that students’ learning through a university 
course about the clothing environmental impact is 
more effective than the students’ learning through 
mass media.
53.02% of the informed respondents have the 
knowledge about how EFC is produced. 71.55% of 
that group ruminate that the production process of 
EFC is more complicated than conventional cloth-
ing (cf. Table 3), while conventional clothing and 
EFC production are fundamentally similar except 
for the assembly, use and disposal of environmental 
concerns [34].
Raw materials are essential for EFC manufactur-
ing as an appropriate selection of raw materials 
can minimise the overall environmental impact of 
clothing during its life cycle [34]. The respondents 
were further asked to choose the features of the raw 

Table 3: Knowledge about production process of EFC

Knowledge about manufacturing 
process of EFC

Process complication of EFC compared to 
conventional clothing Frequency (n) Share (%)

Yes No
Yes 95 28 123 53.02
No 71 38 109 46.98
Frequency (n) 166 66 232
Share (%) 71.55 28.45 100
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material of EFC. 42.2% of the respondents know 
that EFC is produced only from organic material, 
11.2% think about sustainable material and 10.8% 
about recycled material. 35.8% of the informed re-
spondents have adequate knowledge about the raw 
materials of EFC as they correctly respond to all of 
the features that can make clothing eco-friendly (cf. 
Table 4). The valuable characteristics of eco-friendly 
materials are renewable, biodegradable, non-toxic, 
recyclable and reusable [34, 85]. Moreover, EFC ma-
terials include ethics, energy consumption and sus-
tainability of resource consumption [86]. Chen and 
Lewis [87] stated that the material choice of EFC in-
corporates the environmental impact from produc-
tion to disposal of the finished clothing.

Table 5: Response to suitable fibres for EFC

Response of students Frequency (n) Share (%)
Conventional Cotton 122 52.59
Organic cotton 86 37.07
Bamboo 5 2.16
Hemp 6 2.58
Flax 0 0
Recycled polyester 13 5.60

On identifying or responding to suitable fibres, 
52.59% of the aware respondents believe that 

conventional cotton is the only suitable fibre for 
EFC, whereas it consumes a massive amount of 
water [88] and harmful toxic chemicals during its 
production [89–91]. Globally, conventional cotton 
consumes 22.5% of all insecticides [92] and 2.6% 
of the full water footprint [93]. On the other hand, 
37.07% believe that organic cotton is suitable for 
EFC (cf. Table 5). Organic cotton is produced with-
out any harmful chemical fertilisers and pesticides 
[94]. Basically, growing organic cotton is a system-
atic approach of organic forming [95] and the best 
choice to avoid environmental damage [92]. 2.16% 
and 2.58% of the respondents selected bamboo and 
hemp, respectively, as suitable fibres for EFC (cf. 
Table 5). The percentage is comparatively lower than 
for other fibres. It is evident that the majority of 
aware undergraduates are not well informed about 
bamboo or hemp as a sustainable or environment 
friendly fibre. Bamboo fibres have vast application 
areas for being a sustainable material [96]. It is one 
of suitable fibres for EFC [81] as it is biodegradable, 
renewable and can be grown without pesticides or 
other chemicals [64, 97]. Furthermore, merely 4.9% 
know about recycled polyester, which is another 
indication of their inadequate knowledge since re-
cycled polyester has emerging applications in the 
clothing factory [98].

3.3	 Curriculum perception
Curriculum planning is imperative to teach a par-
ticular course at a college or university level pro-
gramme [99] as knowledge level and performance 
are relevant to the programme curriculum [100]. 
Although courses on EFC are absent in the existing 
curriculum, overall curriculum perception regard-
ing EFC is considered in this study. The outcomes 
of the curriculum perception investigation are sum-
marised in Tables 6 and 7.

Table 4: Knowledge about features of EFC raw 
materials

Response of students Frequency (n) Share (%)
Organic 98 42.2
Sustainable 26 11.2
Recycled 25 10.8
All of the above 83 35.8

Table 6: Undergraduates’ response regarding existing curriculum on EFC

Response of students
Satisfactory information included in 

existing curriculum on EFC
Received information from academic 

seminar/workshop on EFC
Frequency (n) Share (%) Frequency (n) Share (%)

Strongly disagree 36 12.8 48 17.0
Disagree 43 15.2 52 18.4
Neutral 80 28.4 59 20.9
Agree 98 34.8 97 34.4
Strongly agree 25 8.9 26 9.2
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Concerning the curriculum, 43.7% of the respond-
ents are satisfied (either agreed or strongly agreed) 
with the information on EFC that they receive from 
their institutions through the existing curriculum. 
Similarly, 43.6% either agreed or strongly agreed 
on obtaining the necessary information through 
a seminar or workshop. On the other hand, 28% 
of the respondents disagreed and 28.4% remained 
neutral about the existing curriculum. 56.3% of the 
respondents answered unfavourably about the aca-
demic seminar or workshop on EFC (cf. Table 6).
The respondents’ expectation regarding the cur-
riculum was also examined in the study. Both, 
the informed and unaware respondents, were 
found interested in learning about EFC from their 
course contents. 80.1% of all respondents either 
agreed or strongly agreed to learn more about EFC. 
Furthermore, 89.4% of the respondents expect a 
minimum of one particular course on the details of 
EFC from their existing curriculum (cf. Table 7). The 
findings of the respondents’ knowledge and curric-
ulum perception raise the questions of the existing 
curriculum modification regarding clothing sus-
tainability or EFC. The respondents’ inconsistent 
responses on the fundamental questions regarding 
EFC and curriculum perception provide a clear in-
dication about the requirement for specific courses 
on EFC in the existing curriculum. Palma et al. and 
Cezarino et al. also emphasised the inclusion of sus-
tainability in the subjects of the educational curric-
ulum in their studies [101, 102]. A well-defined and 
organised curriculum, consisting of the theoretical 
and practical framework, can help educators prepare 
undergraduates with current knowledge and im-
prove outcomes [103,104]. Ellis [105] stated that an 
academic curriculum is a knowledge-centred curric-
ulum where students are expected to acquire knowl-
edge as a foundation of their future life. Coate and 
Barnett [106] stated that curriculum is the key con-

cept of university study and it is the cornerstone of 
knowledge, learning and understanding. They men-
tioned that ideas of higher education are put into 
action in society through the curriculum. Hence, 
a contemporary curriculum on EFC contents will 
facilitate awareness among textile undergraduates, 
which will help them in their future careers.

3.4	 Willingness to contribute towards EFC
The manufacturers and retailers of the clothing in-
dustry are attempting to meet the demand for EFC 
[107,108] due to the emerging demand for it [109]. 
As textile undergraduates are future professionals 
of the clothing industry, it is necessary to explore 
how they perceive EFC and how they want to con-
tribute to this sector. Firstly, they were asked about 
the prospect of EFC in the clothing industry. 65.6% 
of the total respondents believe that EFC will be the 
future face of the clothing business (cf. Table 8). The 
findings support the results obtained in Tables 6 
and 7. Csanák [16] and Mora et al. [21] stated that 
eco-fashion is a part of the sustainability trend and 
will be a great topic of all fashion forums.

Table 8: Students’ opinion about future of EFC in 
clothing industry

Response of students Frequency (n) Share (%)
Yes 185 65.6
No 7 2.5
Not sure 90 31.9

In contrast, 31.9% of the respondents are not sure 
about the prospect of EFC. This high percentage 
is unusual as respondents are textile undergrad-
uates. The responsibility goes to textile institu-
tions and educators to make them aware of EFC as 
universities are the centres of knowledge sharing 

Table 7: Undergraduates’ expectation regarding curriculum

Response of students
Willing to learn more about  

EFC through curriculum
Need one special course on  

EFC in curriculum
Frequency (n) Share (%) Frequency (n) Share (%)

Strongly disagree 5 1.8 7 2.5
Disagree 9 3.2 4 1.4
Neutral 42 14.9 19 6.7
Agree 79 28.0 87 30.9
Strongly agree 147 52.1 165 58.5
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[110]. Similarly, Kong et al. [75] identified public ed-
ucation as a knowledge source of sustainable fash-
ion products. Therefore, it is necessary to provide a 
more contemporary curriculum supported by accu-
rate information on EFC.

Table 9: Undergraduates’ willingness to contribute 
towards EFC

Response Frequency (n) Share (%)
Yes 265 94.0
No 17 6.0

94.0% of the respondents showed interest to contrib-
ute to the future development of EFC in Bangladesh 
(cf. Table 9). This was further investigated, namely 
how these optimistic students may keep a role in the 
future development of EFC (cf. Table 10). Among 
them, 52.4% want to contribute through research 
which is admirable since Gam [111] stated that the 
understanding of the EFC sector needs more re-
search in purchasing behaviour and others. Along 
with the inclusion of EFC and sustainability course, 
an extensive research facility within the university 
is also necessary to achieve a satisfactory knowledge 
level of the students [102]. 11.3% of the respond-
ents want to become entrepreneurs and 14.2% want 
to innovate new business ideas to promote EFC. 
Ozdamar Ertekin and Atik [112] described that an 
innovative business model for ecological clothing 
can make a tremendous effect to move people away 
from the phenomenon of fast fashion.

Table 10: Ways of contribution to EFC by 
undergraduates

Response of students Frequency (n) Share (%)
Research 145 52.4
Developing awareness 48 17.0
Innovating business 
ideas 40 14.2

Entrepreneur 32 11.3

17% of the EFC enthusiastic students have a goal to 
create awareness by sharing information among con-
sumers in the future through the help of mass media 
(cf. Table 10). Buzzo and Abreu [113] stated that so-
cial networks can drastically make alterations in the 
fashion world. Moreover, it can enable the perception 
of the product’s value to the user [114].

4	 Conclusion

Internationally, EFC is one of the leading concepts 
in the clothing industry and sustainable fashion. 
Its growing global acceptance may reduce the en-
vironmental damage considerably. In this study, 
Bangladeshi textile undergraduates’ knowledge of 
EFC from their existing curriculum was evaluat-
ed. After analysing the undergraduates’ knowledge 
and perception towards EFC, three notable findings 
were revealed in the study. The first one is the knowl-
edge gap about EFC among Bangladeshi textile un-
dergraduates. Secondly, it can be said that the stu-
dents’ perception of EFC, along with their interest 
in learning and contribution, is very optimistic for 
the Bangladeshi clothing industry. Thirdly, a crit-
ical evaluation and modification are needed of the 
existing curriculum of the Textile Engineering pro-
gramme to synchronise with more profound con-
cepts of EFC. Therefore, the most plausible solution 
to mitigate this state of reverse direction is to incor-
porate EFC and sustainability courses in the existing 
curriculum of the Textile Engineering programme. 
In this way, textile universities and educators can pre-
pare future professionals for the impending sustaina-
ble clothing industry. This study is one of the first as-
sessments of knowledge and perception towards EFC 
for Bangladeshi textile undergraduates. However, 
it had some limitations. The main limitation of the 
study was the small sample size. A census on all tex-
tile undergraduates may provide more in-depth in-
formation, considering time and cost. Secondly, the 
study did not evaluate the curriculum of EFC related 
courses of the universities. A curriculum evaluation 
may provide further information about the incon-
sistencies observed in the findings. Further research 
on the investigation of the knowledge and perception 
towards circular fashion and clothing sustainability, 
along with an assessment of the existing curriculum 
regarding these topics, would give more compre-
hensive results about the sustainability education of 
Bangladeshi textile undergraduates.
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Abstract
Yarn tensile properties, unevenness, and irregularities are the most important properties of the yarn quality pa-
rameters that determine the fabric’s mechanical properties and appearance. In the current study, the combined 
effect of carding machine parameters (cylinder speed, flat speed, cylinder to flat setting, and taker-in speed) 
on yarn properties (yarn strength, elongation, unevenness, and total yarn imperfection) have been examined. 
In this research, 40 samples of open-end yarn were produced and each of them was tested for their strength, 
elongation, unevenness, and imperfection. Design-expert 7.0.0 software and Factorial designing have been 
employed to analyze the results. The results from statistical analysis have showed that increasing the gap be-
tween the cylinder and flat setting and increasing the taker-in speed increased yarn unevenness and increasing 
cylinder speed, flat speed, and taker-in speed increased total yarn imperfection significantly. Similarly, increasing 
the flat speed, cylinder speed, and taker-in speed as well as increasing the gap between the cylinder and flat 
reduced yarn strength and elongation significantly.
Keywords: yarn; process parameters, optimization, strength, unevenness, yarn imperfection

Izvleček
Natezne lastnosti, neenakomernost in nepravilnosti preje so najpomembnejši parametri kakovosti preje, ki vplivajo 
na njene mehanske lastnosti in videz. V raziskavi je bil proučen kombiniran učinek tehnoloških parametrov mikalnika 
(hitrosti mikalnega bobna, hitrosti mikalnih pokrovčkov, vzajemne nastavitve razdalje med mikalnim bobnom in 
pokrovčki in hitrosti dovajalnega valja) na lastnosti preje (trdnost, raztezek, neenakomernost in druge nepravilnosti). 
Za namen raziskave je bilo izdelanih 40 vzorcev rotorske preje. Izmerjeni so bili trdnost, raztezek, neenakomernost in t. 
i. skupne nepravilnosti preje. Za analizo rezultatov sta bili uporabljeni programski orodji Design-expert 7.0.0 in Factorial 
designing. Statistična analiza je pokazala, da sta povečanje razdalje med mikalnim bobnom in pokrovčki in povečanje 
hitrosti dovajalnega valja vplivala na povečanje neenakomernosti preje; povečanje hitrosti mikalnega bobna, hitrosti 
pokrovčkov in hitrosti dovajalnega valja pa je statistično pomembno vplivalo na skupne nepravilnosti preje. Podobno 
so povečanje hitrosti pokrovčkov mikalnika, hitrosti mikalnega bobna, hitrosti dovajalnega valja in tudi razdalja med 
mikalnim bobnom in pokrovčki vplivali na znatno zmanjšanje trdnosti in raztezka preje.
Ključne besede: preja, tehnološki parametri, optimizacija, trdnost, neenakomernost, nepravilnost preje
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1	 Introduction

The two well-known sayings, ‘the card is the heart 
of the spinning mill’ and ‘well-carded sliver is half 
spun’– demonstrate the enormous significance of 
carding for the end result of the spinning opera-
tion. The operation of the card shows the highest 
correlation to quality and also to productivity [1, 
2]. Carding is the most important process in spin-
ning. It contributes a lot to the quality of the yarn. 
Speeds (f lat speed, taker-in speed, and cylinder 
speed) and settings (licker-in and feed plate, lick-
er-in and under casing elements, cylinder and flat 
tops, between the cylinder and doffer, and so on) 
are process parameters which shall be controlled 
to produce good quality yarn with relatively low 
production cost.
Cylinder wire selection depends upon cylinder 
speed, the raw material to be processed, and the 
production rate. Wire front angle depends mainly 
on cylinder speed and the coefficient of raw mate-
rial friction. The cylinder speed in turn depends 
upon the production rate. Higher production 
means that more working space for the fibre is re-
quired. It is the wire that keeps the fibre under its 
influence during carding operation [3]. Therefore, 
the space within the wire should be increased for 
higher production. Higher cylinder speed also in-
creases the space required for the fibre. Therefore, 
a higher cylinder speed is required for higher pro-
duction [4, 5].
The higher the cylinder speed is, the higher the cen-
trifugal force created by the cylinder which tries 
to eject the fibre from the cylinder, along with the 
trash. Low front angle with too low cylinder speed 
and high frictional force will result in a bad quality 
of card sliver due to a decreased fibre transfer from 
the cylinder to the doffer [6, 7]. Hence, recycling of 
fibres will take place, which results in more neps 
and entanglements. The movement of the fibres to-
wards the tip of the tooth coupled with centrifugal 
action demands an acute front angle to hold the fi-
bre in place during carding [8].
The basic function of the doffer is to strip the fibres 
from the Cylinder. Licker-in plays a major role in 
opening the fibre tufts. A higher number of rows 
per inch gives better results. If the wire pitch is not 
sufficient, it can be compensated by increasing the 
licker-in speed. However, higher licker-in speeds 

for fine and long cotton will rupture the fibres [8]. 
The setting between the cylinder and doffer is the 
closest setting in the card. This setting mainly de-
pends upon the cylinder speed, a hank of the de-
livered sliver, and the type of wire. If the setting 
between the cylinder and the doffer is very close, 
the wires will get polished, which will affect the 
fibre transfer. If the setting is too wide, the fibres 
will not be transferred to the doffer from the cylin-
der, hence the cylinder will get loaded. While pro-
cessing synthetic fibres, cylinder loading will badly 
affect the yarn quality. The most critical setting in 
a carding machine is between the cylinder and flat 
tops. The closer the setting between the cylinder 
and flats is, the better the yarn quality is. Neps are 
directly affected by this setting. A very close setting 
increases flat waste. For processing cotton, the set-
ting can be 0.25, 0.2, 0.2, 0.2, 0.2 mm [9]. Research 
results have showed that increasing the speed of 
the licker-in increased fibre rapture, yarn imper-
fection, and yarn hairiness and decreased single 
yarn strength. The increase in fibre rapture is due 
to a higher opening point-density, which results in 
a higher intensity of beating. The rise in fibre rap-
ture increases short-fibre content, thus an increase 
in yarn imperfection and deteriorated single yarn 
strength [10]. However, the yarn unevenness (U %) 
and the card cleaning efficiency improve with high-
er licker-in speeds [11, 12].
Single yarn strength reduces with the increasing 
production rate of the carding machine. This is at-
tributed to more fibre transfer efficiency leading to 
less fibre opening and parallelization in the sliver 
[13]. The neps level in the card sliver reduces when 
the point density of top flats is increased, minimiz-
ing the yarn imperfection. This is attributed to the 
intensified opening of neps [14].
The yarn unevenness increased with an increase in 
the card production rate due to poor carding and 
higher cylinder loading. The total yarn imperfec-
tions increase as the production rate increases and 
cylinder speed is reduced, attributed to more cylin-
der loading [15].
The purpose of this study is to research the com-
bined effect of cylinder speed, flat speed, taker-in 
speed, and cylinder to flat setting on yarn proper-
ties like yarn strength, yarn imperfection yarn un-
evenness, and yarn elongation, which has not been 
studied so far.
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2	 Materials and methodology

2.1	 Materials
Cotton fiber: 100% cotton fiber with the following 
property was used to manufacture the yarn (Table 1).
The spinning consistency index (SCI) is a calcula-
tion for predicting the overall quality and spinna-
bility of the cotton fiber.

2.2	 Methods

2.2.1	 Sliver production
Forty card slivers have been produced on a carding 
machine (C70), by varying the carding machine set-
ting as stated in Table 2 at Alameda Textile share 
company, Adwa, Ethiopia. Forty 5,905 tex draw 
frame slivers (five-card slivers of each were made 
into one draw frame sliver) were produced on 
breaker and finisher draw frame machine with the 
model (RSB D45) and (SB D45), respectively. The 
machine setting of the draw frame was the same for 
the production of all slivers.

2.2.2	 Yarn production
Forty 24.6 tex rotor spun yarn with twist of 860 m−1 
were produced on a rotor spinning machine (R40 
rotor spinning) at Almeda Textile share compa-
ny, Almeda, Ethiopia. The feeding speed (0.425 m/
min), opening roller speed (7500 min−1), rotor speed 
(90,000 min−1), and delivery speed (102 m/min) of 
rotor machine settings were kept constant during 
the production of all yarns.

2.2.3	 Statistical optimization and experimental 
design of the fabric production process

Design expert 7.0.0 software was used in the opti-
mizations of the yarn production. Design expert 
software was used as it is well-suited for engineer-
ing and science and it focuses on empirical design 
and optimization of the process parameters. The in-
dependent variables used were: cylinder speed, flat 
speed, cylinder to flat setting and taker-in speed of 
the carding machine, and the responses were: yarn 
strength (centinewton/tex), yarn elongation (%), 

yarn unevenness (Um %), and yarn total imperfec-
tions (in number) of the rotor spun yarn. 40 exper-
iments (Table 2) were performed by design expert 
7.0.0 software to optimize the machine setting. The 
statistical significance of the model and variables 
was determined by ANOVA at 5% significance lev-
el [16]. Yarn strength, unevenness, elongation, and 
imperfection (response factors) were analyzed by 
ANOVA and 3D response surface plotting.

2.2.4	 Characterization of yarn property
To examine the combined effect of the independent 
variable of the carding machine (cylinder speed, flat 
speed, cylinder to flat setting, and taker-in speed) 
on yarn strength, unevenness, elongation, and total 
yarn imperfection, the following tests were con-
ducted and analyzed:

(a)	Effect of cylinder speed, flat speed, cylinder 
to flat setting, and taker-in speed on yarn 
unevenness

Unevenness and imperfection of the yarn were de-
termined as per ASTM D1425/D1425M-14(2020). 
Standard test method for evenness of textile strands 
using capacitance testing equipment. Each sample 
was tested with five replicas and the average values 
were taken for analysis [17].

(b)	Effect of cylinder speed, flat speed, cylinder 
to flat setting, and taker-in speed on yarn 
strength and elongation

Strength and elongation of the yarn were deter-
mined as per ASTM D1578-93(2016) Standard test 
method for breaking strength of yarn in skein form. 
Each sample was tested with five replicas and the 
average values were taken for analysis [18].

3	 Results and discussions

3.1	 Optimization of machine setting using 
factorial design

Yarn strength, elongation, unevenness, and imper-
fection are essential properties of yarn that must 

Table 1: Cotton fiber specification for yarn production

Cotton Spinning 
consistency 
index, SCI

Moisture 
content

(%)

Upper half 
mean length, 
UHML (mm)

Uniformity 
index, UI

(%)

Short fibre, 
SF
(%)

Strength  
(cN/tex)

Elongation 
(%)

Avg. 82 5.1 25.96 76.7 14.7 23.2 6.2
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be controlled to fulfill the standard required by 
the user [19, 20]. Yarn strength and elongation are 
important parameters in determining the durabil-
ity and serviceability of the fabric made from the 
yarn and unevenness and imperfection are related 
to the appearance and ends down of yarn during 
yarn manufacturing [14]. The combined effect of 
flat speed, cylinder speed, cylinder to flat setting, 
and taker-in speed of the carding machine on the 
strength, elongation, unevenness, and imperfection 
of yarn has been studied and optimized using de-
sign expert 7.0.0 software and factorial design. The 
design allows random manufacturing of different 
samples, giving a chance to produce the same sam-
ples at different times, to avoid other nuisance fac-
tors. Generally, the process factors are designed to 
be at the carding section and are analyzed for their 
effects on rotor spun yarns.

3.2	 Fitting the models
The dependent variables (strength, elongation, 
evenness, and imperfection) and independent var-
iables (cylinder speed, flat speed, cylinder to flat 
setting, and taker-in speed) were examined to draw 
regression equations showing an empirical relation-
ship between the tested variable and the machine 
settings in the actual units, which can predict the 
responses under the given range. Therefore, to de-
termine the factor levels which yield optimum 
strength, elongation, evenness, and total yarn im-
perfection of the yarn, mathematical regression be-
tween dependent and independent variables (equa-
tions 1‒4) were developed.

The final equations in terms of the actual factors 
generated by the factorial design were:

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌	𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = +22.80 − 0.066 ∗ 𝐴𝐴 − 0.43 ∗ 𝐵𝐵 + 60.3 ∗ 𝐶𝐶 − 0.0186 ∗ 𝐷𝐷 − 0.025 ∗ 𝐴𝐴 ∗ 𝐶𝐶 + 8.3 ∗ 𝐴𝐴 ∗ 𝐷𝐷 − 0.056 ∗ 𝐶𝐶 ∗ 𝐷𝐷 

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌	𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = +22.80 − 0.066 ∗ 𝐴𝐴 − 0.43 ∗ 𝐵𝐵 + 60.3 ∗ 𝐶𝐶 − 0.0186 ∗ 𝐷𝐷 − 0.025 ∗ 𝐴𝐴 ∗ 𝐶𝐶 + 8.3 ∗ 𝐴𝐴 ∗ 𝐷𝐷 − 0.056 ∗ 𝐶𝐶 ∗ 𝐷𝐷 
� (1)

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌	𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ = +119.05 − 0.366 ∗ 𝐴𝐴 + 8.05 ∗ 𝐵𝐵 + 16.76 ∗ 𝐶𝐶 − 0.082 ∗ 𝐷𝐷 + 0.27	𝐴𝐴 ∗ 𝐶𝐶 + 2.91424𝐸𝐸 − 004 ∗ 𝐴𝐴 ∗ 𝐷𝐷 − 00.126 ∗ 𝐶𝐶 ∗ 𝐷𝐷 

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌	𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ = +119.05 − 0.366 ∗ 𝐴𝐴 + 8.05 ∗ 𝐵𝐵 + 16.76 ∗ 𝐶𝐶 − 0.082 ∗ 𝐷𝐷 + 0.27	𝐴𝐴 ∗ 𝐶𝐶 + 2.91424𝐸𝐸 − 004 ∗ 𝐴𝐴 ∗ 𝐷𝐷 − 00.126 ∗ 𝐶𝐶 ∗ 𝐷𝐷 
� (2)

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌	𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = +18.43 − 0.1327 ∗ 𝐴𝐴 + 39.09 ∗ 𝐵𝐵 + 101.06 ∗ 𝐶𝐶 − 0.0212 ∗ 𝐷𝐷 + 4.30303𝐸𝐸 − 004 ∗ 𝐴𝐴 ∗ 𝐶𝐶 + 1.38212𝐸𝐸 − 004 ∗ 𝐴𝐴 ∗ 𝐷𝐷 − 0.11 ∗ 𝐶𝐶 ∗ 𝐷𝐷 

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌	𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = +18.43 − 0.1327 ∗ 𝐴𝐴 + 39.09 ∗ 𝐵𝐵 + 101.06 ∗ 𝐶𝐶 − 0.0212 ∗ 𝐷𝐷 + 4.30303𝐸𝐸 − 004 ∗ 𝐴𝐴 ∗ 𝐶𝐶 + 1.38212𝐸𝐸 − 004 ∗ 𝐴𝐴 ∗ 𝐷𝐷 − 0.11 ∗ 𝐶𝐶 ∗ 𝐷𝐷 
� (3)

𝑇𝑇𝑇𝑇𝑇𝑇𝑎𝑎𝑙𝑙	𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦	𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = +1535.466 + 2.47 ∗ 𝐴𝐴 + 450.83 ∗ 𝐵𝐵 + 3047.24 ∗ 𝐶𝐶 + 1.02 ∗ 𝐷𝐷 − 3.99 ∗ 𝐴𝐴 ∗ 𝐶𝐶 − 1.42121𝐸𝐸 − 003 ∗ 𝐴𝐴 ∗ 𝐷𝐷 − 1.41 ∗ 𝐶𝐶 ∗ 𝐷𝐷 

𝑇𝑇𝑇𝑇𝑇𝑇𝑎𝑎𝑙𝑙	𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦	𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = +1535.466 + 2.47 ∗ 𝐴𝐴 + 450.83 ∗ 𝐵𝐵 + 3047.24 ∗ 𝐶𝐶 + 1.02 ∗ 𝐷𝐷 − 3.99 ∗ 𝐴𝐴 ∗ 𝐶𝐶 − 1.42121𝐸𝐸 − 003 ∗ 𝐴𝐴 ∗ 𝐷𝐷 − 1.41 ∗ 𝐶𝐶 ∗ 𝐷𝐷 � (4)

where A is cylinder speed, B is flat speed, C is cylinder to flat setting and D is taker-in speed.

3.3	 Examination of model adequacy
Model individual significance and regression good-
ness was evaluated by ANOVA. In this research, 
ANOVA was used to analyze the selected model and 
model coefficient using 95% significant level. The 
regression terms and the model are said to be sig-
nificant when the p-value is less than 5%. As shown 
in Tables 3 and 4, the model is significant statisti-
cally (p < 0.05) for the cylinder to flat setting and 
taker-in speed for unevenness, cylinder speed, flat 
speed and taker-in speed for total yarn imperfection 
and all independent variables (flat speed, cylinder 
speed, cylinder to flat setting and taker-in speed) 

were significant for the responses (yarn elongation 
and yarn strength).

3.4	 Effect of flat speed, cylinder speed, cylinder 
to flat setting, and taker-in speed on yarn 
unevenness and total yarn imperfection

Unevenness and total imperfection of yarn are very 
important parameters of yarn which deals with 
variation in yarn count or fineness along the yarn 
length, negatively influencing the yarn as well as 
the fabric properties [21]. In the current study, the 
combined effects of cylinder speed, flat speed, cyl-
inder to flat setting, and taker-in speed on yarn 
unevenness and yarn total imperfection have been 
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Table 2: Designed experiment and test results for rotor spun yarns

Factor 1 Factor 2 Factor 3 Factor 4 Response 1 Response 2 Response 3 Response 4
Run A: Cylinder 

speed
(min−1)

B: Flat 
speed

(m/min)

C:Cylinder 
to flat 

setting
(mm)

D: Taker-in 
speed

(min−1)

Yarn evenness, 
Um
(%)

Yarn 
strength
(cN/tex)

Elongation
(%)

Total yarn 
imperfection, 

TYI

1 410 0.2 0.35 960 9.69 8.89 4.67 16
2 465 0.22 0.35 960 10.05 9.38 5.5 6
3 465 0.2 0.35 860 10.05 8.34 4.29 10
4 465 0.22 0.3 860 9.87 6.75 4.68 20
5 465 0.2 0.35 860 10.05 8.34 4.29 10
6 410 0.2 0.3 860 10.03 8.43 4.59 8
7 410 0.2 0.3 860 10.03 8.43 4.59 8
8 465 0.2 0.3 960 10.17 8.1 4.88 5
9 465 0.2 0.3 960 10.17 8.1 4.88 5
10 465 0.22 0.3 860 9.87 6.75 4.68 20
11 465 0.22 0.35 960 10.07 9.38 5.5 6
12 465 0.2 0.35 860 10.05 8.34 4.29 10
13 465 0.22 0.3 860 9.87 6.75 4.68 20
14 410 0.2 0.35 960 9.69 8.89 4.67 16
15 410 0.2 0.3 860 10.03 8.43 4.59 8
16 410 0.2 0.3 960 9.88 8.4 4.76 10
17 465 0.2 0.3 960 10.17 8.1 4.88 5
18 465 0.22 0.35 960 10.04 9.38 5.5 6
19 410 0.2 0.35 860 10.27 9.43 4.97 18
20 410 0.2 0.3 960 9.88 8.4 4.76 10
21 410 0.2 0.3 860 10.03 8.43 4.59 8
22 410 0.2 0.35 960 9.69 8.89 4.67 16
23 465 0.2 0.35 860 10.05 8.34 4.29 10
24 410 0.2 0.35 860 10.27 9.43 4.97 18
25 465 0.2 0.35 860 10.05 8.34 4.29 10
26 465 0.22 0.35 960 10.05 9.38 5.5 6
27 410 0.2 0.3 960 9.88 8.4 4.76 10
28 410 0.2 0.35 960 10.03 8.43 4.59 8
29 465 0.2 0.3 960 10.17 8.1 4.88 5
30 465 0.2 0.3 960 10.17 8.1 4.88 5
31 410 0.2 0.35 860 10.27 9.43 4.97 18
32 465 0.22 0.35 960 10.05 9.38 5.5 6
33 465 0.22 0.3 860 9.87 6.75 4.68 20
34 410 0.2 0.35 860 10.27 9.43 4.97 18
35 410 0.2 0.35 960 10.03 8.43 4.59 8
36 410 0.2 0.3 960 9.8 8.03 5.07 9
37 410 0.2 0.35 860 10.27 9.43 4.97 18
38 410 0.2 0.3 960 9.88 8.4 4.76 10
39 465 0.22 0.3 860 9.87 6.75 4.68 20
40 410 0.2 0.3 960 9.88 8.4 4.76 10
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investigated. The ANOVA result in Table 3 revealed 
that increasing the gap between the cylinder and flat 
setting and increasing the taker-in speed increased 
yarn unevenness, and increasing the cylinder speed, 
flat speed, and taker-in speed decreased total yarn 
imperfection significantly. Figure 1 (a and b) also 
shows that the yarn irregularity decreases by de-
creasing the cylinder to flat setting and decreasing 
cylinder and taker-in speeds. This is due to the nar-
row cylinder-flats setting which augments the card-
ing action and enhances the removal of short fibers. 
Increased speed of the taker-in rises fiber rapture 
and short fiber content. The increased speed of the 
main cylinder deters the action of the flats since 
their speed is comparatively insignificant and an in-

creased centrifugal force on the fibers may disrupt 
their alignment.
As shown in Figure 1 (c and d), the total yarn im-
perfection also increases with decreasing cylinder 
and taker-in speeds, increasing flat speed, and wider 
cylinder-flat setting. When the speed of the cylinder 
is reduced, the fiber web is transferred to the doffer 
instead of spending additional time on the surface 
of the cylinder, which reduces the chance of addi-
tional carding time. This would increase the num-
ber of entangled fibers and neps not opened prop-
erly. Increased top flats and taker-in speeds, and a 
narrow cylinder-flat setting intensify the opening of 
tufts, fiber individualization, and longitudinal ori-
entation and neps removal.

Figure 1: 3D response surface plots indicating effects: a) Cylinder to flat setting and flat speed on yarn Um,  
b) Taker-in speed and cylinder speed on yarn Um, c) Flat speed and cylinder speed on yarn total imperfection 

and d) Taker-in speed and cylinder to flat setting on yarn imperfection
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3.5	 Effect of flat speed, cylinder speed, cylinder 
to flat setting, and taker-in speed on yarn 
strength and elongation

Yarn strength and elongation are directly related to 
fabric durability and serviceability. Stronger  yarn 
will result in better fabric durability and servicea-
bility [22]. According to Table 4, the Factorial model 
used implies that the model is significant. Moreover, 
the effect of all main factors (cylinder speed, flat 
speed, cylinder to flat setting and taker-in speed) 
and the interaction between the cylinder and flat 
speeds, between cylinder and taker in speeds, the 
taker-in speed and flat top setting, were statisti-
cally significant on yarn strength and elongation. 
This implies that the above-stated main factors and 
their interaction affect yarn strength and elongation 
significantly. An increase of all independent varia-
bles reduced the yarn strength and elongation sig-
nificantly. The yarn strength deteriorated with an 
increase in carding machine cylinder and taker-in 
speeds, and narrow cylinder-flat settings attributed 

to fiber rapture and deteriorated fiber strength. The 
yarn elongation increases with an increasing flat 
speed, cylinder speed, taker-in speed, and cylinder 
to flat setting. Lowered cylinder speeds attributed to 
intensified opening and greater short fiber remov-
al. The longer and straighter the fibers, the higher 
is the twist consumption along the yarn axis. When 
all the produced twists are consumed along the fiber 
length, the elongation and strength is the greatest.

3.6	 Comparison between the optimum and 
existing configurations

The optimum selected and existing configurations 
of the components are shown in Table 5. The opti-
mum solution is selected considering yarn strength 
and elongation as the highest importance since 
the other properties are not out of range. The yarn 
strength and elongation are significantly improved 
without affecting the other properties. However, 
the software has generated thirty different config-
urations and corresponding results, allowing the 

Table 3: ANOVA Table for rotor spun yarn unevenness and total yarn imperfection

Source Sum of square Df Mean square F-value p-value

Yarn 
unevenness

Cylinder speed 1.598E-003 1 1.598E-003 0.2 < 0.6596
Flat speed 2.153E-003 1 2.153E-003 0.27 < 0.6094
Cylinder to flat 
setting 0.065 1 0.065 8.08 < 0.0077

Taker-in speed 0.092 1 0.092 11.34 < 0.0020

Total yarn 
imperfection 

Cylinder speed 214.8 1 214.8 85.55 < 0.0001
Flat speed 201.16 1 201.16 82.92 < 0.0001
Cylinder to flat 
setting 9.72 1 9.72 4.01 < 0.0537

Taker-in speed 309.14 1 309.14 127.55 < 0.0001

Table 4: ANOVA table for rotor spun yarn strength and yarn elongation

Source Sum of square Df Mean square F-value p-value

Yarn strength

Cylinder speed 2.3 1 2.3 200.13 < 0.0001
Flat speed 0.064 1 0.0641 5.59 < 0.0243
Cylinder to flat 
setting 11.11 1 11.11 965.9 < 0.0001

Taker-in speed 1.53 1 1.53 133.31 < 0.0001

Yarn 
elongation

Cylinder speed 0.49 1 0.49 177.93 < 0.0001
Flat speed 1.51 1 1.51 551.45 < 0.0001
Cylinder to flat 
setting 0.12 1 0.12 42.94 < 0.0001

Taker–in speed 1.04 1 1.04 380.96 < 0.0001
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engineers to select the configurations and solutions 
according to their priorities.

3.7	 Optimization of carding configurations
The optimum setup of the carding machine pro-
cess parameters is shown in Table 5. The results 
show the rank of the setups based on their effect 
on rotor spun yarn (yarn Um%, yarn total imper-
fections, and Yarn strength & yarn elongation). 
Thus, the optimum setup of the carding machine 
parameters would be: cylinder speed (410 min−1), 
top f lat speed (0.20 m/min), cylinder to f lat set-
ting (0.35/0.30/0.275/0.25), and taker-in speed (861 
min−1). These setups of machine components pro-
duce a yarn having Yarn Um% (10.26%), yarn total 
imperfections (14) yarn strength (9.44 cN/tex), and 
yarn elongation (5.06%).

4	 Conclusion

The cotton yarn has been used for fabric production 
for several years. The quality of the yarn is key pa-
rameter in the production of the yarn to manufac-
ture durable and pleasant fabric. Yarn tensile prop-
erties, evenness, and yarn regularity are among the 
most important properties of the yarn that must be 
controlled during spinning.
This research aimed at obtaining the optimum card-
ing machine setting to acquire the optimum result 
of yarn properties (yarn evenness, imperfection, 
strength, and elongation). The research results have 
shown that the narrow cylinder-f lats setting aug-
ments the carding action and enhances the removal 
of short fibers and the total yarn imperfection in-
creases with decreasing cylinder and taker-in speeds 

and flat speed. The yarn strength deteriorated with 
increasing cylinder speed, flat speed, and taker-in 
speeds, and narrow cylinder-flat settings attributed 
to fiber rapture and weakened fiber strength.
The yarn elongation increases with increasing flat 
speed and taker-in speeds and lowered cylinder 
speeds, attributed to intensified opening and greater 
short fiber removal. When all the produced twists 
are consumed along the fiber length,  elongation 
and strength are maximized.
The optimum setup of the carding machine pa-
rameters to obtain the maximum possible yarn 
quality would be; cylinder speed (410 min−1), top 
f lat speed (0.20 m/min), cylinder to f lat setting 
(0.35/0.30/0.275/0.25), and taker-in speed (861 
min−1). Future study will seek the effect of the card-
ing machine setting on yarn productivity.
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Abstract
This study presents an algorithm to automatically extract the size and body shape of a 3D scanned model. 
The methods used in this research include factor analysis, linear regression equation, cluster analysis, and dis-
criminant analysis. These are used to analyze the body’s shape and choose the best primary dimensions for 
establishing the sizing system table. Authors use fuzzy logic to establish the mathematical model. In this model, 
the input variables are the inseam height and the neck girth measurements, and the output variables are the 
numbers of the human size coding and body shape. In addition, the rotation matrix and the optimal function 
are used to write an algorithm to estimate the neck girth and inseam measurements. Furthermore, a simple 
approach based on vertices and surface normal vector data, together with optimal searching, is adapted to 
estimate the primary dimensions. This estimation algorithm, combined with the fuzzy logic model, makes the 
automated process of extracting the size and body shape possible. The findings of the study suggest a new 
research method for quickly informing people about their body shape. This supports purchasing clothes and 
designing tailored clothing. The automatic algorithm will be very useful for buying clothes face-to-face or online.
Keywords: 3D scanner, extracting size, body shape, automatic, fuzzy logic

Izvleček
V prispevku je opisan algoritem za samodejno ugotavljanje velikosti in oblike telesa iz 3-D skeniranega modela. Za po-
stavitev tabele dimenzioniranja so bile uporabljene metoda faktorske analize in linearna regresijska enačba ter analiza 
grozdov, diskriminantna analiza pa je bila uporabljena za analizo oblike telesa in izbiro najprimernejših primarnih dimenzij 
za načrtovanje ciljne funkcije. Metoda mehke logike je bila uporabljena za postavitev matematičnega modela z vhodnimi 
podatki, ki so spremenljive vrednosti primarnih dimenzij, in sicer sta to višina v razkoraku in obseg vratu. Te spremenljive 
vrednosti v velikostni tabeli kažejo na velikost in obliko telesa. Poleg tega se metoda rotacijske matrike združuje z optimalno 
funkcijo, ki se uporablja za pisanje algoritma pri oceni obsega vratu in dolžine v razkoraku. Preprost pristop, ki temelji na 
podatkih o vozliščih in površinskih normalnih vektorjih ter optimalnem iskanju, je prilagojen za oceno obsega vratu in višine 
v razkoraku. Te vrednosti bodo povezane z algoritmom mehke logike, ki se izvaja pri avtomatizaciji procesa. Študija podaja 
novo raziskovalno metodo za hitro določanje velikosti in oblike telesa posameznika za potrebe nakupovanja oblačil oz. 
oblikovanja oblačil. Ta samodejni algoritem je uporaben tako za kupce  pri nakupu oblačil v trgovini ali na spletu kot tudi 
za izdelovalce oblačil za optimalno izbiro velikosti pri oblikovanju modela za potencialnega kupca.  
Ključne besede: 3-D skener, določanje velikosti, oblika telesa, samodejno, mehka logika
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1	 Introduction

In the process of manufacturing garment technol-
ogy, measurements have a significant impact on 
pattern making, establishing the sizing system ta-
bles, and analyzing the body shape. Much research 
has been done on measuring the human body with 
3D scanners, which are widely used in the garment 
industry, such as creating avatars to illustrate the 
measurement method [1−4]. The authors extract-
ed the measurements and saved body shapes using 
a 3D body scanner. In addition, 3D scanning also 
applies to assessing body movement and testing 
virtual samples [5]. This study was conducted on a 
sample consisting of 54 healthy males. Participants 
ranged in age from 9 - 37 years old, with an aver-
age height of 1.63‒1.87 m with a weight range of 
35‒95kg. The 3D body scanner is used to test the 
correlation between the body and the virtual sam-
ples [6‒9]. Updating anthropometric data will help 
garment and leather companies ensure product 
quality, so several studies have been aimed at ex-
tracting anthropometric data with 3D scanners 
[10‒12]. The results of the 3D scanner are applied 
to classify the body shapes and are tested with the 
body dimensions [13‒17]. Avatars of various siz-
es are created by automated 3D scanning. Avatars 
wear realistic clothes [18, 19]. This research aims at 
comparing the accuracy of the body’s dimensions 
extracted by the 3D scanner to the real-life mod-
els. The first model wore underwear and clothes for 
scanning. The second model only wore underwear. 
The results show that the dimensions of the first 
model are larger than those of the second model 
[20]. In another study that used 3D scans to accu-
rately determine the position of the bodies’ necks 
for different types of neck shapes, the authors cut 
across the neck position on the 3D scanner. The 
results show that the neck girth has the shape of a 

spline curve [21]. Measurements extracted from a 
3D scanner were applied to the design of a 2D pat-
tern or when simulating avatars [22‒25]. There are 
many other studies about designing 3D pattern to 
be converted to 2D patterns [26, 27]. This shows 
that body dimensions on 3D scanners are used for 
establishing sizing tables, analyzing body shapes, 
researching the fit of clothes, simulation of 3D 
patterns, designing patterns, or designing a vir-
tual costume. No research has been conducted on 
the subject of automatically extracting the size and 
body shapes through primary dimensions.

2	 Material and Methodology

2.1	 Material
Data to perform measurement extraction on the 3D 
body scanner were collected from a group of young 
men aged 18−25 years. The numbers of the samples 
are calculated by equation 1:

𝑛𝑛 =
𝑡𝑡!𝑆𝑆
𝑚𝑚!

!

 � (1)

where n is a number of samples, S is standard devi-
ation, m = 1, and t = 2.58. The total number of peo-
ple attending this sampling measurement process is 
542.
The dimensions to input into the equation for the 
extracted measurements are the neck girth and in-
seam height. These are two variables to put into the 
equation to get the fit size and body shape. The di-
mension of the neck girth is determined by 3 points: 
the front neck hollow point (a), the neck point that 
intersects the shoulder and the neck (b), and the 
point on the seventh cervical vertebra (c). The in-
seam height is determined from the bottom to the 
floor (d) (Figure 1), [28].

a) b) c) d)

Figure 1: The neck girth and inseam height
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2.2	 Methodology
The Matlab software uses the fuzzy logic method to 
extract the size and shape.
The interpolation and optimization method in the 
algorithm automatically extracts two primary di-
mensions and combines them with the fuzzy logic 
method to extract size and body shapes.

3	 Results and Discussion

3.1	 The size selection model
The mathematical model includes the sizing system 
data and two primary dimensions (Figure 2). These 
two primary dimensions are the inputs of the fuzzy 
controller. The first output is the size, and the sec-
ond output is the size’s shape. In every dimension 
group, the boundary conditions are different, such 
as 37.26 cm ≤ x1 ≤ 44.02 cm, and 62.5 cm ≤ x2 ≤ 
87.5 cm. Subsequently, the results of the simulation 
are compared with the coding size and body shape 
in the size system given in Table 1. The values of the 
model’s set parameters are the results of establish-
ing the sizing system table. Two output variables 
are the coding size and sign shape. The range val-
ues of the two variables depend on the limitation 

and show differences between selecting the size by 
the traditional or the fuzzy method. There are five 
membership functions for input 1, and five mem-
bership functions for input 2.

3.2	 The coding sizing system table
The coding sizing system table is added with two in-
formation columns: the coding size column and the 
inseam measurement column. The coding size col-
umn is numbered from 1-24. Inseam measurement 
is coded according to the group. Group A is 65 cm, 
group B is 70 cm, group C is 75 cm, group D is 80 
cm and group E is 85 cm. In this table, every group 
has a different range of the inside leg measurement 
(Table 1). This range is the standard deviation of the 
inseam.

3.3	 The Input-Output of the fuzzy logic
There are two variables for the input and two varia-
bles for the output of the fuzzy controller. Each in-
put has multiple membership functions, such as the 
first input, which has five membership functions: 
very small, small, average, large, and very large 
(Figure 3a). The second input is the inseam dimen-
sion, which has five membership functions: very 
short, short, average, high, very high (Figure 3b). 

Start

End

Sizing system table

Primary dimensions

No size, no shape

Input 1
(Neck girth)

Output 1
(Numerical size)Size chart

Boundary conditions

Input 2
(Inseam height)

Output 2
(Shape)

Fuzzy logic
N

Y

Figure 2: Selecting the size and the size’s shape in fuzzy techniques
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Table 1: The coding of groups

Group A: Inseam length [62.5−67.5 cm]

Sign size 65/A1-1 71/A2-1 77/A3-2 83/A4-2

Coding size 1 2 3 4
Sign shape 1 1 2 2
Neck girth ( cm) 37.73 38.66 39.60 40.53
Inseam ( cm) 65 65 65 65
Group B: Inseam length [67.5−72.5 cm]
Sign size 65/B5-1 71/B6-1 77/B7-2 83/B8-2 89/B9-3
Coding size 5 6 7 8 9
Sign shape 1 1 2 2 3
Neck girth ( cm) 38.25 39.18 40.12 41.05 41.99
Inseam ( cm) 70 70 70 70 70
Group C: Inseam length [72.5−77.5 cm]
Sign size 65/C10-1 71/C11-1 77/C12-2 83/C13-2 89/C14-4
Coding size 10 11 12 13 14
Sign shape 1 1 2 2 4
Neck girth ( cm) 38.77 39.70 40.64 41.57 42.51
Inseam ( cm) 75 75 75 75 75
Group D: Inseam length [77.5−82.5 cm]
Sign size 65/D15-1 71/D16-1 77/D17-2 83/D18-2 89/D19-4
Coding size 15 16 17 18 19
Sign shape 1 1 2 2 4
Neck girth ( cm) 39.29 40.22 41.16 42.09 43.03
Inseam ( cm) 80 80 80 80 80
Group E: Inseam length [82.5−85 cm]
Sign size 65/E20-1 71/E21-1 77/E22-2 83/E23-2 89/E24-4
Coding size 20 21 22 23 24
Sign shape 1 1 2 2 4
Neck girth ( cm) 39.81 40.74 41.68 42.61 43.55
Inseam ( cm) 85 85 85 85 85

a) b)

Figure 3: a) The flowchart of membership functions of the first input, 
(b) The flowchart of the membership functions of the second input
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Additionally, there are 24 output membership func-
tions for the valve output 1 on the system (S1, S2, S3, 
S4, S5, S6, S7, S8, S9, S10, S11, S12, S13, S14, S15, S16, 
S17, S18, S19, S20, S21, S22, S23, S24), and the result 
is numerical 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 
15, 16, 17, 18, 19, 20, 21, 22, 23, 24. In output 2, there 
are four shapes (trapezoid short leg, trapezoid tall 

height, oval, and rectangle). They are coded as 1, 2, 
3, 4. These outputs are all constants (Table 2).
The curved plane of the fuzzy logic for the algo-
rithm results (Figure 4) shows that there is a differ-
ence between the sizes of the four body shapes. It is 
perfectly consistent with the size chart setup results.

3.4	 Flowchart for automatic extraction of size 
and body shape from 3D scanner data

The Matlab software uses the established size chart 
and built in algorithm to automatically estimate the 
neck girth and inseam, presented in flowchart form 
(Figure 5).

3.5	 The process of automating the body scan 
to extract the size and body shape

The process of extracting the size and body shape 
is automated by using the algorithm to estimate the 
neck’s girth and the inseam height measurements 
on the Matlab software. In this algorithm, the neck 
measurement process on the 3D scan database fol-
lows two schemes. In the options, a theta is the an-
gle between the plane D and the floor; the D-plane 
contains the neck hollow and is perpendicular to 
the model’s symmetry plane.

Table 2: The range of the parameters of membership functions for input variables

The first input
Membership function Parameter (cm) Size Membership function Parameter (cm) Size

Very small

[3726 37.73 38.20] 1

Large

[40.06 40.53 41] 4
[37.78 38.25 38.72] 5 [40.58 41.05 41.52] 8
[38.30 38.77 39.24] 10 [41.10 41.57 42.04] 13
[38.82 39.29 39.76] 15 [41.61 42.09 42.56] 18
[39.34 39.81 40.28] 20 [42.14 42.61 43.08] 23

[37.26 38.77 40.28] [40.06 41.57 43.08]

Small

[38.19 38.66 39.13] 2

Very large

[41.52 41.99 42.46] 9
[38.71 39.18 39.65] 6 [42.04 42.51 42.98] 14
[39.23 39.70 40.17] 11 [42.56 43.03 43.50] 19
[39.75 40.22 40.69] 16 [43.08 43.55 44.02] 24
[40.27 40.74 41.21] 21 [41.52 42.77 44.02]

[38.19 39.7 41.21] The second input

Average

[39.13 39.60 40.07] 3 Membership function Parameter (cm)
[39.65 40.12 40.59] 7 Very short [60, 65 70]
[40.17 40.64 41.11] 12 Short [65 70 75]
[40.69 41.16 41.63] 17 Average [70 75 80]
[41.21 41.68 42.15] 22 High [75 80 85]

[39.13 40.64 42.15] Very high [80 85 90]

Figure 4: Curved plane fuzzy logic of the algorithm 
result
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Case 1: Estimate the neck girth by scanning the 
neck hollow

Using data from a 3D scanned object in *.obj file 
format (Figure 6), including three-dimensional po-
sition coordinates and corresponding unit normal 

vectors, a point on the face of object is defined by 
a vector , where vx, vy and vz are components of the 
position vector, vnx, vny and vnz are elements of the 
normal vector with respect to the coordinate axes 
x, y, z. The process of estimating the neck girth is 
performed in 4 stages in the first case (Figure 7).

Figure 5: Automated flowchart for extracting size and body shape from 3D scanner data

Start

End

Start to search automatically for  
the size and body shape that fits

Calculate the crotch height

State group 1

State group 2

Show the  
size and shape

Error

Show the crotch  
height measurement

Get point data/normal vectors 
from the file 3D model *.Obj

Case number 1

Case number 2

Fuzzy logicN

N

N

N

Y

Y

Y

a) b)
Figure 6: a) The original coordinate system and the co-ordinate system at the cervical point,  

b) The point coordinates and vector on the scanned model are scanned
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Start to look for the neck girth measure (Case 1)

End to find the neck girth (Case 1)

Get points data/normal vectors 
from the file 3D model OBJ

Limit the neck area (have N1)

Calculate the rotation matrix Rot(x,−θ1)

SF1            Look for the neck hollow point

    SF3          Look at the C center point of the S2 point set

Arrange in S3 in polarity order (have S4)

Look for the S set (The locus of points 
that intersect the model and the D plane)

Set the scan angle θ1 = 0

Project points of S on the D plane 
(have S1)

SF4     Estimate the neck girth

Convert points of S1 to the horizontal plane 
(S1 is rotating with Rot(x,−θ1) to obtain S2)

Convert the points of S2 to the H center radial
coordinate (have S3)

Convert S4 back to the Descartes 
coordinate (have S5)

Interpolate the curve through the S5 points 
with a Spline/Hermite curve

Calculate the girth of the interpolation 
curve (have C girth)

θ1 = θ1 + dθ1

θ1 = θ1max

N

Y

SF2

Stage 1

Stage 2

Stage 3

Stage 4

Stage 5

Figure 7: The algorithm to estimate the neck measurement according to case 1
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Start SF4

End SF4

Approximate the neck girth corresponding to 
theta angle positions (around locus points)

Look for the smallest value within  
the theta angle limit

SF4    Estimate the neck girth

Start SF3

End SF3

Look for a point C where the sqared distances to the 
points S3 are the shortest (use the Matlab / fminunc 

optimization function)

SF3    Look for C center points of the set of S2 points

Start SF1

End SF1

Limit points in the neck hollow area (N1)

Look for the point that has a normal vector where 
the z-direction has the maximum value

SF1      Look for the neck hollow point

Figure 8: Subfunctions in case 1

Subfunctions for that algorithm in case 1 (Figure 8):

Start SF2

End SF2

Make a limited allowable distance of = 0

Set of points S in the locus

Calculate the distance  
from point N1 to point D

Increase the 
distance allowed 

for the limit

The number of points within 
the allowable distance <6

The first stage: Prepare the scanned model data and 
the limited neck region data. Next, find the hollow 
point of the neck by searching for a point whose 
normal vector is closest to the normal vector of the 
xoy-plane. Assign the original scan angle (Figure 9).

The second stage: Calculate the rotation matrix. 

Here:

𝑅𝑅𝑅𝑅𝑅𝑅	(𝑥𝑥, −𝜃𝜃!) = ,𝑅𝑅! 𝑂𝑂
𝑂𝑂 𝐼𝐼 / 

𝑅𝑅! = #
1 0 0
0 cos(−𝜃𝜃!) −sin(−𝜃𝜃!)
0 sin(−𝜃𝜃!) cos(−𝜃𝜃!)

/ ; 𝑂𝑂"×", 𝐼𝐼"×" ; 

where O3x3 and I3x3 are zero and unit matrixes. θ is 
the angle between the D-plane and the xoz-plane.

Then, search for the set S (a set of neighborhood 
points that intersect the 3D scan and the D plane). If 
you project the points of the set S onto the D-plane, 

Figure 9: Limiting scanning data to the neck area
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you will get the set S1. Next, convert the points of 
S1 to the horizontal plane (by rotating S1 by Rot) 
(x_theta). This defines the set S2. When creating 
S2, the S2 phase assigns the distance to the limit 
point of O and then calculates the distance from 
the point N1 to the D plane, which gives the num-
ber of points within the allowable distance. When 
this condition is satisfied, a set of points S is given 
in the locus. Conversely, increase the allowable lim-
it and recalculate the distance between N1 and the 
D-plane until you obtain a set of points S with an 
allowable distance. This procedure guarantees that 
the required number of fast points is always found 
within a flexible limit.

The third stage: Find the center C of the set of points 
of S2 set

Convert the points in S2 to the polar coordinates of 
the H center. This becomes S3. In the third stage, we 
look for a center C, whose sum of squared distances 
to the points S3 is smallest.

The fourth stage: Interpolate the neck curve

Corresponding to each point of θ1, we interpolate 
a Spline/Hemite base on point set S5. Calculate the 
neck girth by measuring the length of the closed 
Spline, which has just been determined. Next, 
check if the scanning angle satisfies the conditions 
θ1 = θ1ma. If satisfied, proceed to stage 4. On the con-
trary, if θ1 = θ1 + d θ1, this section returns to the ma-
trix calculation Rot(x. θ1) and follow the stages until 
the correct results are obtained to finish the process 
of measuring in this phase.

The fifth stage: Estimate the neck girth

Average the perimeters of the necks corresponding 
to the changes in θ1 angular positions, and then find 
the smallest value within the limit θ1 corner.

Case 2: Estimation of neck girth by determining the 
shoulder peak point.

From the scanned 3D data, including point posi-
tions and normal vectors, we can calculate the neck 
girth at the D-plane position containing the shoul-
der peak point. However, to reduce geometric errors 
in calculations, we need to limit the n-region data 
(front side from the neck hollow point to the chin, 

back side from the seventh vertebra position to the 
neck) (Figure 10). In this case, implementation is 
done in five stages.

Figure 10: The neck range limit

The first stage: Find the neck hollow point

The steps of this stage include: First, prepare the 3D 
object data with the point coordinates and the cor-
responding unit normal vectors; second, limit search 
data to the neck region; third, find the neck-hollow 
point using the points whose unit normal vector is 
closest to that of the oxy-plane. Using a similar ap-
proach, we can easily find the peak point of the shoul-
der. Note that θ2 is the angle between the D-plane 
and oxz-plane (see Figure 10). The D-plane contains 
the peak points of the ox-axis, the hollow neck and 
the shoulder. Finally, calculate the value of θ2.

The second stage: Calculate the rotation matrix

𝑅𝑅𝑅𝑅𝑅𝑅(𝑥𝑥, −𝜃𝜃!) = +𝑅𝑅! 𝑂𝑂
𝑂𝑂 𝐼𝐼 . 

where, 𝑅𝑅! = #
1 0 0
0 cos(−𝜃𝜃!) −sin(−𝜃𝜃!)
0 sin(−𝜃𝜃!) cos(−𝜃𝜃!)

/ 

Find a set of point, named S, which are neighbors 
of the intersection between the limit 3D model and 
the D2-plane. By projecting the points of set S on 
the D2-plane, we obtain a new set named S1. Then, 
by continuously converting the points of S1 to the 
horizontal plane through rotation transformation , 
we get the new set, denoted S2.

The third stage: Find the C center point of the S2 points

Convert the points of the S2 set to the H central 
coordinate will give the S3 set. Then, arrange the 
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points into the S3 in the polar coordinate system or-
der to obtain an S4.

The fourth stage: Interpolate neck curve

Interpolate the curve through the S5 points by the 
Spline/Hemite to get the closed neck value.

The fifth stage: Calculate the neck girth

The algorithm flowchart for estimating the neck 
measurement according to case 2 (Figure 11).
Subfunctions for that algorithm are shown in 
Figure 12.

Start to look for the neck girth (Case 2)

End to find the neck girth (Case 2)

Get points data/normal vectors 
from the file 3D model OBJ

Limit the area around the neck (have N1)

SF1        Look for the neck hollow point

SF1b        Look for the shoulder's peak point

Calculate the teta angle merged by the D2 plane  
through the shoulder's peak point

Calculate the rotation matrix Rot(x, −θ2)

Project points of S on the D2 plane (have S1)

Convert S1's points to the horizontal plane 
(S1 is rotated with Rot(x, −θ2) to produce S2)

Convert the points of S2 to the H center  
radial coordinate (have S3)

Interpolate the curve through the S5 points  
by a Spline/Hermite curve

Calculate the girth of the  
interpolation curve (have C girth)

Convert S4 back to the Descartes  
coordinate (have S5)

Look for the S set (The locus of points  
intersect the model and the D plane)

Look at the C center point of the S2 points set

Arrange in S3 in polarity order (have S4)

Stage 1

Stage 2

Stage 3

Stage 4

Stage 5

SF2

SF3

Figure 11: The algorithm to estimate the neck measurement according to case 2
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Look for the neck hollow point

Start SF1

End SF1

Limit points in the neck hollow area (N1)

Look for the point that has a normal vector where the 
z-dierction has the maximum value

SF1

Figure 12: Subfunctions in case 2

Calculate the crotch height
The first stage is to limit the points within the in-
seam dimension range, then look for the point with 
the normal vector in the y-direction that has the 
maximum value. Next, the height from the floor to 
this maximum value is calculated (Figure 13). This 
is the inseam dimension height.

Start the inseam measurement

The results for the inseam point

Limit the points in the inseam area

Look for the point where the y-direction vector has 
the maximum value

Calculate the height from  
the search results to the floor

Figure 13: The algorithm to estimate the inseam 
dimension

3.6	 The result of the automation  
for extracting the size and the shape

Table 3 shows the results of automating the neck 
size and inseam calculation algorithm used to ex-
tract size and body shape from 30 samples of 3D 
scan data, with two cases for neck girth estimation. 
Three different scenarios are shown. In the first ex-
ample, the results are identical. The scanned sam-
ples have the correct standing posture; the chin is 
parallel to the ground and the head is kept straight 
(Figure 14, a). In the second instance, the results 
are different from the data because of an incorrect 
standing posture, such as the altered head position 
due to leaning forward or leaning back, a hunched 

back or skewed shoulders (Figure 14, b). In the third 
instance, the results show no size and no body shape 
group. For results with no size, this was mainly be-
cause the measurements of the neck girth were tak-
en outside the boundary conditions, or due to an 
incorrect sample standing posture, or an altered 
head position due to leaning forward or backward, 
a hunched back, or skewed shoulders (Figure 14, c).

4	 Conclusion

The study focused on using an automated system to 
extract the size and body shape in order to establish 
an algorithm model to extract them according to 
the simulation method on the Matlab software with 
two input variables, neck girth and inseam height. 
The first case is to perform a scan of the neck area 
through the scan angle created by the plane con-
taining the neck hollow point and the plane of the 
floor. The second case is to scan the area of the neck 
through the scan angle created by the plane con-
taining the shoulder’s peak point intersecting the 
floor’s plane. Also, the study analyzed the results of 
comparing the automation method with the simu-
lation method. The results have shown that the scan 
samples with the correct scanning standing posture 
will give the same results. On the contrary, there are 
different results due to incorrect scanning positions 
of the sample. There are samples with small size de-
viations. The methods used in the research content 
of the paper include principal component analysis, 
factor analysis, and an ANOVA test to establish the 
sizing system tables. Moreover, the fuzzy logic tech-
nique is used to set up the numerical size extrac-
tion algorithm. The optimal search method is used 
to extract the size and body shape. The control test 
method is used to check the algorithm results again. 
This research proposes a way of selecting a fit size of 
garment for the human body. Furthermore, it may 
be applied to other fields in garment technology.
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Table 3: The results of dimensions and extraction body size/shape by the method of inputting data directly into 
the simulation program and the automating method

3D object Neck size 
(3D Object)

Neck size 
(Case 1)

Neck size 
(Case 2)

Inseam (3D 
Object)

Inseam 
(automatic)

Size/Shape 
(Simulink)

Size/Shape 
(Case 1)

Size/Shape 
(Case 2)

1 40.05 40.57 36.33 67.6 67.51 7/2 7/2 0.5/0.5
2 40.8 41.01 39.18 71.03 71.34 8/2 8/2 6/1
3 40.34 37.28 35.76 71.26 71.73 7/2 0.5/0.5 0.5/0.5
4 39.08 39.59 37.82 70.48 70.49 6/1 6/1 5/1
5 43.27 44.56 41.19 73.38 74.19 0.5/0.5 0.5/0.5 13/2
6 37.77 37.48 36.05 68.55 68.78 0.5/0.5 0.5/0.5 0.5/0.5
7 38.84 39.22 46.31 72.86 73.48 10/1 10/1 0.5/0.5
8 41.16 40.04 41.85 74.76 75.59 13/2 11/1 13/2
9 38.85 42.82 38.82 70.88 69.6 6/1 0.5/0.5 6/1
10 44.09 38.85 31.26 80.24 79.94 0.5/0.5 15/1 0.5/0.5
11 46.13 38.53 40.05 73.09 72.90 0.5/0.5 10/1 11/1
12 42.84 51.91 35.11 75.05 74.98 14/4 0.5/0.5 0.5/0.5
13 40.81 40.47 38.26 75.96 75.67 12/2 12/2 0.5/0.5
14 37.99 41.01 35.22 70.19 70.22 5/1 8/2 0.5/0.5
15 41.85 36.35 37.32 75.7 76.26 13/2 0.5/0.5 0.5/0.5
16 41.06 40.92 40.92 71.68 71.99 8/2 8/2 0.5/0.5
17 36.1 49.61 37.21 83.85 83.21 0.5/0.5 0.5/0.5 0.5/0.5
18 38.44 38.46 39.36 73.3 72.72 10/1 10/1 11/1
19 38.83 39.14 37.6 77.54 77.63 15/1 15/1 0.5/0.5
20 41.31 41.53 40.63 73.58 73.35 13/2 13/2 12/2
21 38.14 38.87 51.26 73.55 74.14 0.5/0.5 10/1 0.5/0.5
22 40.05 40.42 39.38 79.16 79.2 16/1 16/1 15/1
23 46.84 33.67 37.05 71.59 72.6 0.5/0.5 0.5/0.5 0.5/0.5
24 36.35 35.95 34.75 65.45 65.55 0.5/0.5 0.5/0.5 0.5/0.5
25 43.01 46.37 43.03 77.32 77.18 0.5/0.5 0.5/0.5 0.5/0.5
26 37.54 36.78 38.8 69.81 69.88 0.5/0.5 0.5/0.5 6/1
27 38.65 34.61 41.72 75.42 75.75 10/1 0.5/0.5 13/2
28 43.03 36.5 45.29 81.64 83.25 19/4 0.5/0.5 0.5/0.5
29 38.95 32.31 33.67 72.14 72.62 6/1 0.5/0.5 0.5/0.5
30 41.2 45.39 41.43 72.58 72.69 13/2 0.5/0.5 13/2

a) b) c)
Figure 14: a) The sample’s images in boundary conditions,  

b) The sample’s images with a forward-leaning head, c) The sample’s images in boundary conditions
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