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Abstract
The purpose of this research is to investigate the effects of knitting type (plain, rib, purl), knitting tightness (three different 
loop lengths), and plied-yarn (single-ply, two-ply and three-ply) on the thermal comfort properties of cashmere knitted fab-
rics. Thermal comfort properties of the sample fabrics were measured using Alambeta, Permetest, Textest 3300. Subsequently, 
the results were statistically evaluated with SPSS program. The findings of this research revealed that the knitting type, 
knitting tightness and plied-yarn usage significantly affect certain thermal comfort properties of cashmere knitted fabrics. 
Specifically, the plain knitted fabric exhibits the lowest thermal resistance value and the highest relative water vapor perme-
ability value. The loose knitted fabric demonstrates the highest air permeability, while the fabric knitted with single-ply yarn 
has the lowest thermal conductivity and thermal resistance values, as well as the highest relative water vapor permeability 
and air permeability values.
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1  Introduction

The textile industry is highly competitive on a global scale 
necessitating continues improvement of products and pro-
cesses to ensure success and sustainability for textile com-
panies. Therefore, understanding consumers’ needs and 
demands and aligning product development efforts accord-
ingly has become crucial for these companies. The reasons 
customers choose clothing, or the properties they expect 
from clothes, have evolved due to globalization and advance-
ments in technology. Beyond aesthetic design, customer also 
expect functional design to meet their requirements. Wilfling 
et al. [1] found that comfort and fit are the most important 
factors influencing the purchase of sports and exercise gar-
ments. Rahman et al. [2] revealed that Chinese young con-
sumers consider comfort and fit as the primary criteria for 
evaluating apparel products. Kaplan and Okur [3] have also 
determined that comfort and body-fitting properties are the 
most important factors for consumers. Similarly, Wong and 

Li [4] also identified comfort and body-fitting as the two 
most significant factors influencing clothing choices. Com-
fort encompasses various dimensions and is subjectively 
perceived through different senses. It is typically classified 
into four categories: thermal comfort, sensorial comfort, 
ergonomic comfort and psychological comfort. The thermal 
comfort is defined as the condition of reaching the heat and 
moisture comfort by enabling the heat and moisture transfer 
from the fabric [5, 6]. Comfort is influenced by environmen-
tal factors, fabric/clothing properties and individual charac-
teristics. Research in this field often focuses on fabric prop-
erties, such as fiber type, knitting type, density, yarn count, 
yarn twist, yarn spinning method and finishing processes to 
enhance the development of fabric structures with higher 
thermal comfort properties depending on the intended use. 
For instance, Kumar and Kumar [7] investigated the effect 
of knitting process parameters on thermal comfort properties 
of Eri silk knitted fabrics. Single jersey, single pique and 
honeycomb knitted structures were produced using Eri silk 
spun yarns of varying counts (25 tex, 17.78 tex, and 14.26 
tex) and stitch lengths. Their findings indicated that tight-
knit structures show higher stitch density, thickness, bursting 
strength, thermal conductivity, and low abrasion resistance 
compared to slack-knit structures. Honeycomb structures 
show higher course density, areal density, bending length, 
thermal resistance, thermal absorptivity, air permeability, 
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and water vapor permeability. Gericke et al. [8] explored the 
effect of fibrous matter composition and fabric structural 
parameters on the thermal comfort properties of woven fab-
rics containing mohair. The findings unveiled that fabrics 
containing mohair or mohair/wool are consistently thicker, 
providing higher thermal resistance. Similarly, Mishra et al. 
[9] examined the relationship between the different knit 
structures (single jersey, single lacoste, double lacoste, sin-
gle pique, double pique), different yarn linear densities (29. 
5 tex, 24.6 tex and 19.7 tex) and the thermal comfort proper-
ties of 100% cotton knitted fabrics under wet and dry condi-
tions. As a result, single jersey fabrics show the lowest air-
flow permeability due to their compact structures, while 
coarser yarns show higher thermal resistance. Oner [10] 
investigated the thermal comfort properties of knitted fabrics 
made of various fiber types, including cotton, linen, viscose, 
modal, bamboo, tencel, zein, polyester, polyamide. Cotton 
fabrics possess the highest whereas tencel and modal fabrics 
demonstrate the lowest thermal conductivity values. Atalie 
et al. [11] conducted a study on the effect of weft yarn twist 
levels on thermal properties of 100% cotton woven fabrics. 
The study revealed that an increase in twist leads to a 
decrease in thermal resistance. Demiryurek and Uysalturk 
[12] investigated the properties of violoft/polyester and 
violoft/cotton blended knitted fabrics in relation to heat, 
including thermal conductivity, thermal diffusivity, thermal 
absorptivity, thermal resistance, and moisture and air perme-
ability. The research unveiled that the thermal properties of 
the manufactured fabrics improve with an increase in violoft 
ratio. It is also observed that compared to single jersey knit-
ted fabrics, rib fabrics exhibit higher thermal conductivity, 
slightly higher thermal absorbance and lower thermal resist-
ance values, while their water vapor permeability values are 
similar. Moreover, Yanilmaz and Kalaoglu [13] explored the 
relationship between the different knit structures (single jer-
sey, 1 × 1 rib, 2 × 2 rib and interlock) of acrylic knitted fab-
rics and their thermal comfort properties (wetting, wicking 
and drying properties). The study reveals that the knit struc-
tures significantly influence the comfort parameters. In addi-
tion, loosely knitted fabrics exhibit higher transfer wicking 
ratios compared to tightly knitted fabrics. Majumdar et al. 
[14] investigated the thermal properties of cotton, cotton-
bamboo and bamboo knitted fabrics. The findings demon-
strated that the thermal conductivity values of the knit fab-
rics decrease with an increase in bamboo fibers, while the 
thermal absorptivity rates of fine yarn fabrics with the same 
fiber mixture are lower. Interlock knitted fabrics have exhib-
ited the highest thermal absorptivity and thermal resistance 
values, followed by rib and plain knitted fabrics. In addition, 
it is observed that the water vapor and air permeability prop-
erties of the knitted fabrics increase as their bamboo fiber 
ratios increase. In comparison, plain knit structures demon-
strate better water vapor and air permeability values than rib 

and interlock knit structures. Cil et al. [15] examined the 
effect of variables such as fiber content, yarn numbers and 
tightness on the comfort properties of the knitted fabrics 
made of cotton, acrylic and cotton-acrylic blends. The 
results showed that the fabrics’ transfer and longitudinal 
wicking abilities increase with the use of thick yarns while 
their drying speed increase with the use of fine yarns. On the 
other hand, tightly knitted fabrics demonstrate significantly 
higher longitudinal wicking abilities. Oglakcıoglu et al. [16] 
conducted research on the thermal properties of knitted fab-
rics blended with different cotton and Angora rabbit fibers. 
The results indicated that an increase in Angora rabbit fiber 
leads to increased yarn hairiness, fabric thickness and ther-
mal resistance, while thermal conductivity, thermal absorp-
tivity, and relative water vapor permeability decrease. In 
another study by Oglakcioglu and Marmarali [17], the ther-
mal properties of the single jersey, 1 × 1 rib, and interlock 
knit structures of the cotton and polyester fabrics were inves-
tigated. The findings of the study unveiled that interlock and 
rib fabrics exhibit notably high thermal conductivity and 
thermal resistance values. Conversely, single jersey fabrics 
demonstrate high relative water vapor permeability and pro-
vide a warm sensation due to their low thermal absorptivity 
values. Czaplicki et al. studied about thermal properies of 
knitted fabrics made of alpaca wool, sheep wool, cotton and 
acryl fibers. The results showed that knitted fabrics made of 
alpaca wool are positively evaluated. The analysis of the 
fabric variants showed that the best thermal protection is 
provided by two types of stitches, the plain stitch and plain 
tuck stitch [18]. Kumar et al. investigated thermo-physiolog-
ical behavior of Eri silk, wool and bamboo knitted fabrics 
toward sportswear. Finally, the overall thermal comfort fab-
ric is compared both subjective and objective manner and 
found that Eri silk based knitted honeycomb structure is 
highest rated than other samples [19]. Kaplan and Yilmaz 
studied about thermal comfort properties of double-face 
knitted fabrics with functional yarns such as Thermosoft®, 
Nilit Heat®, Viloft® and wool were combined with standard 
polyester and polypropylene. Wool/polyester can be sug-
gested more for liquid management properties with its 
branched structure besides its higher thermal resistance and 
air permeability values [20]. Amber et al. examined the 
effects of fiber type (fine wool, mid-micron wool, acrylic), 
yarn type (hightwist, low-twist, single), and fabric structure 
(single jersey, half-terry, terry) on thermal comfort proper-
ties of sock fabrics. In the result of the study, fabric structure 
had the greatest effect on thermal resistance, water vapor 
resistance, water vapor permeability, liquid absorption 
capacity, and thermal conductance. Terry fabrics were the 
most thermal and water vapor resistant, most absorbent, and 
most conductive [21]. Erdumlu and Saricam investigated the 
thermal comfort properties of flat knitted acrylic fabrics dif-
fering in terms of knit structure, tightness, thickness and 
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porosity within the perspective of its usage in winter wear 
products. The results indicated that rib 2 × 2 structures pro-
vide the optimum condition in terms of thermoregulation, 
breathability and thermo-physiological comfort, since the 
thickness improves thermal insulation and porosity improves 
breathability [22].

A variety of natural and synthetic fiber types are uti-
lized within the textile industry, each characterized by 
unique mechanical and chemical properties [23]. They 
present a constellation of strengths and weaknesses contin-
gent upon their intended uses and purposes [10]. Amongst 
these, cashmere fibers standout as one of the most valuable 
natural fibers harvested primarily from the underbelly fur 
of the Cashmere goats inhabiting Central Asia, includ-
ing, but not limited to, Himalayans, Mongolia, Iran and 
Afghanistan [24]. Due to their low production volumes 
and the complexities associated with their manufacture, 
cashmere fibers are deemed luxurious. Their unique soft-
ness, luminosity, and lightness render them preferable in 
the fashion industry, used widely in producing an array of 
luxurious woolen items, such as shawls, scarves, sweat-
ers and cardigans [25]. In a review of literature concern-
ing the comfort properties of cashmere fibers, Çelik and 
Kaynak [23] studied the effects of cashmere/cotton ratio 
(95% cotton–5% cashmere, 90% cotton–10% cashmere and 
85% cotton–15% cashmere) in yarn and fabrics density on 
permeability properties of knitted fabrics. Their findings 
showed that that a high cashmere ratio in yarn structure 
results in higher air permeability and lower water vapor 
permeability values. Ayakta and Oner [26] investigated the 
effects of weft yarn blending ratios (80% wool–20% cash-
mere, 90% wool–10% cashmere, 95% wool–5%cashmere, 
97.5% wool–2.5%cashmere, 100% wool) on the ther-
mal comfort properties of worsted fabrics. The research 

unveiled that a minimum of 10% cashmere fiber signifi-
cantly improves the comfort properties of the worsted 
fabric. Several studies [27–32] have been dedicated to 
exploring the tactile properties of cashmere. This gap in 
the research on thermal comfort properties of cashmere 
justifies the present study. The purpose of this research is 
to investigate the effects of knitting type (plain, rib, purl), 
knitting tightness (three different loop lengths), and plied-
yarn (single-ply, two-ply and three-ply) on the thermal 
comfort properties of cashmere knitted fabrics.

2 � Materials and Methods

2.1 � Materials

This research employed seven different types of cashmere 
knitted fabric to examine the effect of knitting type (plain, 
1 × 1 rib and purl), knitting tightness (loose, medium, and 
tight loop lengths) and plied yarn usage (26/1, 26/2 and 
26/3) on the fabrics’ thermal comfort properties. To ascer-
tain the effects of various factors, different sets of fabric 
codes were compared: fabrics 1, 2 and 3 to study knitting 
type impact; fabrics 1, 4 and 5 to determine knitting tight-
ness influence, and fabrics 1, 6, and 7 to investigate plied 
yarn usage effect. All employed fabrics were composed 
of 100% cashmere. The origin of cashmere was Chinese. 
Scanning electron microscope (SEM) images of cashmere 
fibers can be seen in Fig. 1. The knitting process for the 
fabrics was made on a 12 gauge flat knitting machine, sub-
sequently washing took place at 30 °C without the incor-
poration of any chemicals or additive substances. The 
structural properties of the fabrics are listed in Table 1.

Fig. 1   Sem images of cashmere fibers (obtained from 26/1 cashmere yarn)
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2.2 � Methods

To put forth the thermal comfort properties of the cashmere 
knitted fabrics in the study sample, their thermal proper-
ties (thermal conductivity and thermal resistance), relative 
water vapor permeability and air permeability properties 
were measured. The measuring devices and their standards 
are provided in Table 2.

The weight and thickness measurements implemented in 
this study according to TS 251: Method 6 standards and 
the ISO 5084–1996 standards, respectively. All the tests 
are conducted in standardized atmospheric conditions 
(20 ± 2 ℃temperature and 65% ± 5 relative humidity). Ther-
mal conductivity, as defined by ASTM, represents the quan-
tity of heat transferred over time from a unit area, at a unit 
temperature difference between the parallel surfaces within 
a unit distance in a stable condition [33]. Thermal resistance, 
conversely, refers to a material’s resilience against heat flow 
and can be calculated by the following formula: thickness/
thermal conductivity [34]. The water vapor permeability is 
the fabric’s ability to allow water vapor through it, while the 
air permeability can be defined as the passing air amount 
between the fabric’s two surfaces, from a specific area, at a 
specific time and under a specific pressure.

Statistical evaluations of the test results utilize the SPSS 
15 program, employing non-parametric tests (Kruskal–Wal-
lis H and Mann–Whitney U) due to limited data. With 
the non-parametric tests, levels of the groups are used to 
test whether or not the groups differ from each other. The 
Kruskal–Wallis H test was used for group comparison and 
the Mann–Whitney U test was administered for the pair 

comparisons. In the results, p value of p ≤ 0.05 was inter-
preted as a statistically significant difference between the 
groups. The standard deviations of the test results are calcu-
lated and displayed in Figs. 2, 3, and 4 as error bars.

3 � Results and Discussion

The thermal comfort values of the cashmere knitted fabrics 
in the study sample are outlined in Table 3, whereas Tables 4 
and 5 encompass the results of the statistical analyses.

The results obtained within the scope of the research are 
categorized into three main parts: related to knitting types, 
related to knitting tightness, and related to plied yarns.

3.1 � Results Related to Different Knitting Types

The analysis of thermal properties in cashmere knitted fab-
rics (samples 1, 2, and 3) across different knitting types in 
the research sample reveal a statistically significant impact 
of knitting type on thermal resistance (refer to Table 4). 
As illustrated in Fig. 2a, variations in thermal resistance 
values coincide with alterations in knitting type, with the 
plain knitted fabric (sample 1) demonstrating the lowest 
thermal resistance value. Statistically significant differences 
exist between the plain knitted fabric and the other knit-
ting types (samples 2 and 3). Samples 2 and 3, represent-
ing 1 × 1 rib and purl knitted fabrics, respectively, exhibit 
the highest thermal resistance values, with no statistically 
significant difference between them. Such an outcome can 
be attributed to the lower thickness (Table 3) of the plain 

Table 1   Structural properties of the fabrics

Sample code Content/origin of cashmere Knitting type Yarn number 
(Nm)

Course density 
(course/cm)

Wale density 
(course/cm)

Loop 
length 
(mm)

1 100% Cashmere/Chinese Plain 26/1 10.5 14.6 2.8
2 100% Cashmere/Chinese 1 × 1 Rib 26/1 8.60 9.00 2.8
3 100% Cashmere/Chinese Purl 26/1 8.50 9.90 2.8
4 100% Cashmere/Chinese Plain 26/1 10.5 13.88 3.0
5 100% Cashmere/Chinese Plain 26/1 12 16 2.6
6 100% Cashmere/Chinese Plain 26/2 9.00 11.25 3.5
7 100% Cashmere/Chinese Plain 26/3 7.70 9.5 4.1

Table 2   Properties measured in 
the experimental study

Measured properties Measuring device and standards

Thermal transfer properties (Thermal Conductivity (W/mK),
Thermal resistance (m2/KW))

Alambeta

Relative water vapor permeability (%) Permetest (ISO 31092)
Air permeability (lt/m2s) Textest FX 3300 (TS 391 EN ISO 9237)
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knitted fabric (sample 1) compared to the other knitting 
types (samples 2 and 3), aligning with the expected results. 
It can be inferred that rib and purl knitting types are suitable 
for winter applications due to their superior warmth reten-
tion. In this regard, previous research by Majumdar et al. 
indicated that the plain knitting type exhibits lower thermal 
resistance value compared to rib and interlock knitting types 
of cotton, bamboo, and cotton-bamboo blend fabrics [14]. 
Similarly, Oglakcioglu and Marmarali also reported lower 
thermal resistance values for the single jersey knitting type 
of cotton and pes-knit fabrics compared to rib and interlock 
knitting types [17]. Amber et al. reported single jersey fab-
rics are the thinnest, lightest, and are the least thermal and 
most permeable to water vapor of sock fabrics made of fine 
wool, mid-micron wool and acrylic. İn addition, fiber had 
a much smaller effect than fabric structure on the proper-
ties investigated [21]. Czaplicki et al. revealed that both the 
unit of thickness and the surface density exert an influence 
on the thermal resistance concerning the type of knitting. 
Rib knitted fabrics showcase the highest thermal resistance 
value among various knitting types. İn addition, the knit-
ted fabrics made from alpaca wool have highest thermal 
resistance values due to cotton, wool and acryl knitted fab-
rics [18]. Kumar et al. additionally noted that wool fabrics 

exhibit superior thermal resistance compared to Eri silk and 
bamboo fabrics. Within wool, Eri silk, and bamboo knit-
ted fabrics, honeycomb knitted structures have the highest 
thermal resistance value when contrasted with single jersey 
and single pique structures [19]. However, in the research 
conducted by Demiryurek and Uysalturk, it was reported 
that the thick fabrics showing high thermal resistance is 
expected, but contrary to the expectations of their study, the 
thermal resistance levels of the rib knit type are lower than 
the single jersey knit type and that this condition might be 
related to the measurement method and the surface of the 
fabric [12]. Ayakta and Oner ascertained that the inclusion 
of cashmere fiber in the fabric structure notably augments 
the thermal resistance value, rendering it suitable for cloth-
ing designed for cold protection [26]. According to Gericke 
et al., mohair/wool/nylon knitted fabric showcases a 20% 
higher thermal resistance compared to mohair/wool/nylon/
bamboo knitted fabric, despite having a similar construction 
but differing fiber content. Moreover, the thermal resistance 
of samples containing mohair and wool fibers is higher than 
acrylic, cotton, pes and bamboo fibers for woven fabrics [8]. 
Kaplan and Yilmaz determined that wool/polyester double-
face knitted fabrics have higher thermal resistance and air 
permeability values than double-face knitted fabrics made of 

     (a)                                                                                 (b)                                                                    

     (c)                                                                                   (d)  

Fig. 2   Results of different knitting types. a Thermal resistance. b Thermal conductivity. c Relative water vapour permeability. d Air permeability
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functional fibers such as ThermoSoft®, Viloft®, Nilit Heat® 
are combined with standard polyester and polypropylene 
filaments [20]. Oglakcioglu et al. propose that augmenting 
the Angora fiber ratio in the fabric amplifies the thermal 
resistance value in cotton and cotton/angora knitted fabrics. 
It is recommended to use Angora blended fabrics in winter 
clothing [16]. Subburaayasaran et al. reported that 85:15% 
wool/Eri silk double-layered knitted fabrics demonstrate the 
utmost thermal resistance. Conversely, 100% Eri silk exhib-
its inferior thermal resistance compared to other samples, 
including cotton and micro-denier acrylic [35]. Simultane-
ously, the investigation into the thermal conductivity values 
of different knitting types (refer to Fig. 2b) demonstrates that 
the plain knitted fabric (sample 1) displays the highest ther-
mal conductivity value and the purl knitted fabric (sample 
3) showcases the lowest conductivity value but the differ-
ence between them is not statistically significant. The knit-
ting type significantly influences thermal resistance, it does 
not exhibit a notable effect on thermal conductivity. This 
observation can be rationalized by the disparities in thick-
ness values across the fabrics, given that thermal resistance 
calculations rely on both thermal conductivity and thickness 

values. Likewise, Gericke et al. highlighted a high correla-
tion between thermal resistance and thickness values [8].

The statistical analysis examining the relative water vapor 
permeability properties of cashmere knitted fabrics across 
different knitting types indicates a significant impact of the 
knitting type on relative water vapor permeability (refer to 
Table 4). As depicted in Fig. 2c and detailed in Table 5, the 
plain knitted fabric (sample 1) showcases the highest rela-
tive water vapor permeability value, differing significantly 
from the other knitted types (samples 2 and 3). In contrast, 
rib and purl knitted fabrics display the lowest relative water 
vapor permeability, with no significant difference observed 
between them. This trend can be ascribed to the thinner and 
lighter characteristics inherent in plain knitting compared 
to other knitting types (as depicted in Table 3). The conclu-
sions were drawn by Majumdar et al. [14] and Oglakcioglu 
and Marmarali [17] are in harmony with the outcomes of 
this study, changes in the knitting type of cashmere knit-
ted fabrics to their effects on relative water vapor perme-
ability. An examination of air permeability values across 
different knitting types (as depicted in Fig. 2d) elucidates 
that the plain knitted fabric (sample 1) manifests the lowest 

    (a)                                                                                (b)

     (c)                                                                                 (d)

Fig. 3   Results for different knitting tightness. a Thermal resistance. b Thermal conductivity. c Relative water vapour permeability. d Air perme-
ability
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air permeability value, while the rib knitted fabric (sample 
2) displays the highest air permeability values, with no sta-
tistically significant difference observed between them. This 
observation could be associated with the surface properties 
inherent in cashmere fibers. Notably, Ayakta and Oner [26] 
observed that fabrics with a higher cashmere content tend to 
exhibit increased air permeability compared to other wool 
and wool/cashmere fabrics. They attributed this phenomenon 

to the smoother and thinner structure of cashmere fibers in 
contrast to wool fibers.

3.2 � Results Related to Different Knitting Tightness

The investigation of thermal resistance values among the 
fabrics (samples 1, 4, and 5) in the research sample, as 
depicted in Fig. 3a, indicates that the loose knitted fabric 

Fig. 4   Results related to different plied yarn. a Thermal resistance. b Thermal conductivity. c Relative water vapour permeability. d Air perme-
ability

Table 3   Thermal comfort properties of the cashmere knitted fabrics in the study sample

Sample code Weight in grams
(g/m2)

Thickness
(mm)

Thermal con-
ductivity
(W/mK)

Thermal resistance
(m2/KW)

Relative water vapor 
Permeability (%)

Air permeability
(lt/m2s)

1 142.7 1.184 0.0363 0.03254 44.1 1608
2 145.3 1.708 0.0358 0.04771 38.2 2533
3 149.9 1.798 0.0355 0.05066 37.2 2059
4 140.2 1.147 0.0358 0.03200 44.2 1940
5 161.8 1.260 0.0369 0.03414 41.3 1492
6 224.8 1.847 0.0384 0.04815 31.7 1063
7 321.4 2.158 0.0398 0.05429 30.4 800
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(sample 4) demonstrates the lowest thermal resistance value, 
whereas the tight knitted fabric (sample 5) displays the high-
est thermal resistance value. However, there is no statisti-
cally significant difference between them. A similar trend 
is evident in the thermal conductivity results (Fig. 3b). 
Ozdil et al. emphasized that fabric tightness does not exert 
a significant influence on thermal resistance and thermal 

conductivity concerning cotton fabrics [36]. Shobanasree 
et al. observed a trend of elevated thermal resistance val-
ues corresponding to an increase in loop length for tencel/
elastane knitted fabrics, albeit this increase did not achieve 
statistical significance at a 95% confidence level [37]. In 
addition, findings from Marmarali et al. indicated that fabric 
tightness significantly influences the thermal conductivity 
and thermal resistance values of knitted fabrics produced 
from pes, patented natural, and synthetic fibers [38]. This 
situation can be attributed to the inherent structure of cash-
mere fibers and the amount of changes in loop length noted 
in the cashmere fabrics studied. Due to thickness of fabrics 
in the study sample as a result of the cashmere fiber struc-
ture and used yarn count, small changes in the loop length 
might lead to minor differences in the thermal resistance and 
conductivity values.

Regarding water vapor permeability values across differ-
ent knitting tightness (as depicted in Fig. 3c), the loose knit-
ted fabric (sample 4) exhibits the highest value, while the 
tight knitted fabric (sample 5) shows the lowest value, yet the 
difference lacks statistical significance. Analyzing air perme-
ability properties of fabrics with distinct knitting tightness 
(detailed in Table 4) indicates a statistically significant influ-
ence of knitting tightness on air permeability. As ıllustrated 
in Fig. 3d, the air permeability value decreases as the fabric 
tightens, with the loose knitted fabric (sample 4) present-
ing the highest air permeability value. Furthermore, Table 5 

Table 4   Statistical evaluation of the thermal comfort properties of 
the cashmere knitted fabrics in the study sample—the results of the 
Kruskal–Wallis H test

Bold values indicate statistical difference p ≤ 0.005

Thermal comfort property Fabric property p value

Thermal conductivity Knitting type 0.329
Knitting tightness 0.079
Plied yarn 0.027

Thermal resistance Knitting type 0.050
Knitting tightness 0.288
Plied yarn 0.027

Relative water vapor permeability Knitting type 0.050
Knitting tightness 0.177
Plied yarn 0.050

Air permability Knitting type 0.109
Knitting tightness 0.000
Plied yarn 0.000

Table 5   Statistical evaluation of 
the thermal comfort properties 
of the cashmere fabrics in the 
study sample—the results of the 
Mann–Whitney U test

Bold values indicate statistical difference p ≤ 0.005

Thermal comfort property Fabric property Fabric property p value

Thermal conductivity Plied yarn 26/1 ve 26/2 0.050
26/1 ve 26/3 0.050
26/2 ve 26/3 0.050

Thermal resistance Knitting type
Plied yarn

Plain and 1 × 1 rib 0.050
Plain and purl 0.050
1 × 1 rib and purl 0.275
26/1 and 26/2 0.050
26/1 and 26/3 0.050
26/2 and 26/3 0.050

Relative water vapor permeability Knitting type
Plied yarn

Plain and 1 × 1 rib 0.050
Plain and purl 0.050
1 × 1 rib ve purl 0.275
26/1 ve 26/2 0.050
26/1 ve 26/3 0.050
26/2 ve 26/3 0.275

Air permability Knitting tightness
Plied yarn

Loose and medium 0.034
Loose and tight 0.000
Medium and tight 0.000
26/1 ve 26/2 0.000
26/1 ve 26/3 0.000
26/2 ve 26/3 0.001
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highlights a statistically significant distinction among loose, 
medium, and tight knittings. Consistently, Marmarali et al. 
unveiled that looser fabrics exhibit increased air permeabil-
ity values in knitted fabrics produced with diverse yarns 
[38]. Simirlarly, Erdumlu ve Saricam found that tightness 
of the knitted structures has an influence on air permeability, 
while it had no significant impact on water vapor permeabil-
ity [22]. The findings by Coruh suggested that an increase 
in loop length augments air permeability, whereas enhanced 
thickness decreases air permeability for cotton, viscose, and 
polyester blended knitted fabrics [39]. Celik and Kaynak 
observed that the air permeability of cotton/cashmere knit-
ted fabrics increases as the cashmere ratio of the sample 
increases and the air permeability increases from the tight 
density to loose density [23].

3.3 � Results Related to Different Plied Yarn

The analysis of thermal properties among cashmere knitted 
fabrics (samples 1, 6, and 7) utilizing different plied yarns, as 
depicted in Table 4, indicates a statistically significant impact of 
plied yarns on both thermal resistance and thermal conductiv-
ity. Illustrated in Fig. 4 a, b, an increase in the number of yarn 
plies lead to an increase in the thermal resistance and conduc-
tivity values. Specifically, the single-ply yarn fabric (sample 1) 
displays the lowest thermal resistance and thermal conductivity 
values. Furthermore, Table 5 underscores a statistically sig-
nificant distinction among these fabrics. This situation can be 
explained as the reduction in heat transfer through the fabric, 
attributed to increased space within the fabric resulting from 
the thinning of the thread, namely, the reduction in the number 
of thread plies. However, while an inverse relationship between 
the thermal conductivity values and the thermal resistance val-
ues are expected when they are evaluated together, there is a 
linear relationship between the thermal conductivity and ther-
mal resistance values in this sample group (as depicted Fig. 4 a, 
b). This observation can be interpreted as an instance where the 
increase in fabric thickness (as outlined in Table 3) surpasses 
the elevation in thermal conductivity value. This interpretation 
aligns with the thermal conductivity formula (Thermal Resist-
ance = Fabric Thickness/Thermal Conductivity). A linear rela-
tionship between thermal resistance and thermal conductivity 
values is also evident in fabrics exhibiting different knitting 
tightness (as shown in Fig. 3 a, b). In line with the findings 
of this study, Ozdil et al. also determined a decrease in both 
thermal conductivity and thermal values of cotton fabrics as 
the yarn becomes thinner [36]. Furthermore, Majumdar et al. 
highlighted a reduction in heat conductivity associated with the 
usage of thinner threads [14]. Moreover, Kumar and Kumar 
indicated that with the finer yarn count and slack fabric struc-
ture, the amount of fiber per unit area decreases, and the amount 
of entrapped air increases, which attributes to low thermal con-
ductivity for eri-silk knitted fabrics [7].

An examination of the relative water vapor permeability 
and air permeability values among cashmere knitted fabrics 
utilizing different plied yarns (referenced in Tables 4 and 5) 
highlights a statistically significant influence of plied yarn 
on these values. As illustrated in Fig. 4 c, d, an increase in 
the number of plies lead to decrease relative water vapor 
permeability and air permeability values. The one-ply yarn 
cashmere knitted fabric displays the highest values for both 
parameters. Hence, it is inferred that air and water transmis-
sion increase as the number of yarn plies decreases. This 
observation aligns with findings by Majumdar et al., who 
observed that fabrics produced from cotton, cotton-bamboo, 
and bamboo knits exhibit higher water vapor permeability 
and air permeability in comparison with those made from 
fine yarns. This phenomenon is attributed to the lower 
weight and thickness of these fabrics [14]. Similarly, Atmaca 
et al. [40] and Havlova [41] also noted a decrease in air 
permeability with an increase in fabric thickness for woolen 
and viscose fabrics, respectively. According to Ozdil et al., 
thinner yarns contribute to increased relative water vapor 
permeability of cotton fabrics due to the more porous struc-
tures in fabrics from fine yarns [36]. Oğulata and Mavruz 
indicated a correlation between air permeability in knitted 
fabrics and pore size, noting that fabrics with the lowest 
yarn number exhibit the highest air permeability values [42]. 
Öner also observed that modal and viscose fabrics display 
the highest air permeability values compared to cotton and 
linen fabrics due to their lower weight and thickness [10]. 
Kumar and Kumar noted a decrease in air permeability with 
an increase in yarn linear density for eri-silk knitted fabrics 
[7]. In addition, Mishra et al. indicated that finer yarns con-
tribute to increased air permeability for 100% combed cotton 
knitted fabrics due to higher fabric porosity resulting from a 
low packing factor; conversely, coarser yarns lead to smaller 
spaces between the yarns, reducing airspace within the yarn 
and resulting in lower air permeability [9].

4 � Conclusion

This study delves into the effect of specific production 
parameters—namely, knitting type, tightness, and plied 
yarn—on the thermal comfort properties of 100% cashmere 
knitted fabrics. It compares these findings with existing lit-
erature. On the basis of the results in this research that the 
plain knitted fabric (sample 1) displays the lowest thermal 
resistance value and the highest relative water vapor perme-
ability value compared to rib and purl knitting types. Among 
the samples, the loose knitted fabric (sample 4) exhibits the 
highest air permeability value, whereas the single-ply yarn 
fabric showcases the lowest thermal conductivity and ther-
mal resistance values alongside the highest relative water 
vapor permeability and air permeability values. In line with 
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our findings and prior researches in the literature emphasize 
the influence of knitting type, knitting tightness, and the 
utilization of plied yarn on the thermal comfort properties 
of fabrics. Therefore, despite employing various fiber types 
and combinations, it is evident that production parameters 
directly shape thermal comfort properties. Moreover, this 
research affirms the significant influence of fabric structural 
parameters, such as mass per unit area and thickness, on 
thermal comfort attributes. İn addition, rib and purl knitted 
structures, tight knitted fabrics and three plied yarn used fab-
rics are offered for winter applications due to their superior 
warmth retention.

This study primarily focuses on objectively examining 
the effects of a limited set of production parameters on ther-
mal comfort, exclusively utilizing 100% Chinese cashmere. 
Future researchers are strongly encouraged to widen the 
investigation by exploring the impacts of cashmere fibers 
derived from diverse origins, varied fiber combinations, and 
additional production parameters on thermal comfort. Inte-
grating subjective tests would fortify and enhance the com-
prehensiveness of these findings. In addition, conducting 
studies that elucidate the similarities or differences between 
cashmere and other hair fibers would not only deepen our 
understanding of cashmere's functionality but also stimulate 
innovative advancements in this particular domain.
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