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Abstract
The main aim was to find out the influence of the blend ratio and linear density on the ther-
mal comfort properties of regenerated bamboo cotton blended single jersey knitted fabrics. 
An increase in the regenerated bamboo fibre ratio in the fabric influences the thermal comfort 
properties. Knitted fabrics prepared from regenerated bamboo blended yarns have lesser 
thickness and inferior mass per square meter than cotton fabrics. The proportion of regene-
rated bamboo fibre increases in the yarn as the value of thermal conductivity decreases in 
knitted fabrics. Water vapour permeability and air permeability confirm a similar increase 
as the proportion of regenerated bamboo fibre increases. 100% regenerated bamboo fabrics 
have superior air permeability values compared with regenerated bamboo/cotton blended 
fabrics. The statistical investigation also showed that the results are significant for the thermal 
comfort properties of regenerated bamboo cotton knitted fabrics.
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 Introduction
Clothing comfort is an exceptionally 
complex occurrence and has drawn the 
attention of many textile researchers. 
Thermal comfort properties are among 
the most significant features of textiles. 
Thermal comfort is distinct as ‘The state 
of mind which expresses satisfaction with 
the thermal surroundings’. It is the aspect 
governed by the progress of heat, mois-
ture and air through fabric. The mainte-
nance of thermal balance is most likely 
the important aspect of clothing and has 
been the consideration of many textile 
workers. The main difficulty related to 
thermal comfort is the inappropriateness 
between the requirement of heat conser-
vation through low metabolic action and 
heat dissipation at the high energy stage. 
There are several factors about the cir-
cumstances of thermal comfort, such as 
age, sex, adaptation, season and heat-
flow conditions in addition to physical 
surroundings accessible next to the skin 
surface. 

Natural and man-made fibres are nec-
essary as part of routine acts of the tex-
tile industry. There are various products 
made of these fibres, giving apparel the 
highest comfort [1-5]. Bhat and Bhonde 
[6] stated that comfort relates to wear sit-
uations, involving thermal and non-ther-
mal components. The thermal comfort of 
people depends on the combinations of 
clothing, climate and physical activity. 
ISO 7330 defines thermal comfort as that 
state of mind which expresses pleasure 
with the thermal surroundings. The ther-

mal comfort properties of textile fabrics 
are essentially influenced by the fibre, 
yarn and fabric properties, as reported by 
Majumdar, Mukhopadhyay and Yadav 
[7]. In the comfort properties of fabrics, 
the type of fibre, spinning technology, 
yarn linear density, twist and hairiness of 
yarn, as well as the thickness, cover fac-
tor and porosity of the fabric and finish 
play a vital role in determining the prop-
erties. Havenith [8] proved that there is 
an increase in material thickness and air 
entrapped in fabric with an increase in 
heat and water vapour resistance. Hes [9] 
talked about the end use of a garment and 
suggested cotton yarns for hot days to get 
a cool feeling for ideal clothing comfort. 
Onofrei, Rocha and Catarino [10] found 
that the raw material and fabric struc-
ture were the major factors in affecting 
thermal comfort properties. Pac, Bueno 
and Remer [11] investigated the thermal 
properties and friction behaviour of fab-
rics as influenced by the fibre morpholo-
gy and yarn and fabric structures. In their 
work, they convey that fabrics provide 
a warmer sensation when more air is en-
trapped on a hairier fabric surface and 
when the contact interface area between 
the skin and fabric was small for rough 
fabrics. They also confirmed that the fi-
bre type as well as the yarn and fabric 
structure change the structural roughness 
and warm-cool feeling of fabrics.

Jordeva, Kjortoseva and Kalojanov [12] 
investigated the thermo-physiological 
comfort properties of single jersey knit-
ted fabrics with respect to the influence 
of structural properties and character-
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istics of the fibre. They pointed out that 
the thermo-physiological comfort of 
knitted fabrics have the main influence 
on structural characteristics, as opposed 
to the raw material content. The air and 
water vapour permeability and thermal 
characteristics of knitted fabrics are de-
termined by the density, mass per unit 
area and tightness factor. Kothari [13] 
reported on the influence of fibre prop-
erties on the comfort characteristics of 
fabric. He pointed out how fibre blend-
ing in the yarn process can lead to fabrics 
having the desired comfort characteris-
tics. Jirsak, Sadikoglu, Ozipek and Pan 
[14] reported that thermal conductivity 
and thermal resistance decrease with ris-
ing material density up to the maximum 
value, before the heat conducted by the 
fibres becomes noticable. Fibre fineness 
affects a fabric’s thermal conductivity. 
Fabrics made with coarse fibres show 
high thermal resistance. Bedek, Salaun, 
Martinkovska, Devaux and Dupont 
[15] studied the relationship between 
thermal comfort and textile properties. 
They suggested that the comfort-related 
properties of fabrics are affected by the 
fibre type, together with the moisture 
regain and knitted structure characteris-
tics. The thermal properties and thermal 
behavior of cellulose textile fabrics (air 
permeability, porosity) were investigated 

by Stankovic, Popovic and Poparic [16], 
from which they conclude that the air 
permeability and heat transfer fabrics are 
closely related to the capillary structure 
and surface characteristics of yarns.

Cotton and blended fabrics therefore 
have become attractive to people, be-
ing a universally used fibre due to its 
superior characteristics. However, cot-
ton fibre also has some restrictions like 
a short fibre length, harsh feel, and is less 
lustrous when compared to man-made 
fibres. With the rising demand for new, 
comfortable, improved and environmen-
tally friendly products, new kinds of syn-
thetic and regenerated fibres which are 
a substitute for conventional fibres like 
cotton have gained significance in appar-
el and home textiles. One of the modern 
developments in new fibre researches is 
making use of regenerated bamboo fi-
bre in a combination of textile products 
[17]. Sankar 6 cotton fibres and regener-
ated bamboo fibres were obtained from 
industrial resources, the technical pa-
rameters of which are given in Tables 1 
and 2. 100% regenerated bamboo, 100% 
cotton and regenerated bamboo/ cotton 
blended yarns of 70:30, 50:50 and 30:70 
possessing the same twist coefficient  
(αe = 3.6) were spun on LR G5/1 ring 
spinning machines with linear densities 

of 29.53 and 14.76 tex. For blending 
bamboo and cotton fibres, each of the 
two components was opened manually 
and sandwiched well to produce a homo-
geneous blend. A predetermined quan-
tity of fibres to be blended was mixed 
and processed in a Trutzschler’s blow 
room line. The yarns were spun by the 
following processes – blowroom, card, 
draw frame, simplex and ring frame. 
The regenerated bamboo fibre has prov-
en intrinsic properties superior to those 
of cotton fibre. It has also been claimed 
by the manufactures that fabrics primed 
out of regenerated bamboo fibre have 
excellent moisture absorbency, a soft 
feel and a superior dye ability to that of 
cotton. Therefore a methodical study was 
conducted to study the appropriateness 
of a regenerated bamboo fibre blend with 
cotton for providing the thermal comfort 
property in fabrics. 

 Materials and methods
Materials
Knitted fabric samples were produced on 
a plain knitting machine (Mayer and Cie, 
Germany) for measuring the thermal com-
fort behaviour. Samples were produced 
with a loop-length of 3.0 mm. Knitted 
samples were subjected to subsequent re-
laxation treatments as recommended by 
‘Starfish’. Cut samples were placed on 
a flat surface in a conditioning cabinet in 
a tension free state for 48 hours. A stand-
ard atmosphere of 21 °C ± 1 and relative 
humidity of 65% ± 2 were maintained in 
the cabinet. Knitted fabric samples were 
immersed in a stainless steel water bath 
with 0.05 g/l of wetting agents, with the 
water temperature maintained at 38 °C, 
which was allowed to settle with mini-
mum agitation for 24 hours. Knitted fab-
ric samples were then hydro-extracted 
for 1 minute and laid on a plane surface 
for 48 hours. After washing, the fabric 
samples were taken back to standard 

Table 1. Details of fibre properties of cotton and regenerated bamboo fibres

Characteristics Cotton fibre CV% Regenerated 
bamboo fibre CV%

Fibre length, mm 27 1.18 36 1.73

Fibre length uniformity ratio, % 82.5 1.19 92.7 1.09

Fibre fineness, dtex 1.70 0.51 1.52 0.67

Tenacity, g/tex 26.7 0.32 22.84 1.13

Specific density, g/cm3 1.52 0.18 1.32 0.31

Elongation, % 6.5 1.35 21.2 1.20

Moisture regain, % 7.5 0.37 11.42 0.41

Trash content, % 0.19 1.43 – –

Maturity ratio, % 82.53 1.58 – –

Table 2. Details of yarn properties of cotton and regenerated bamboo fibres.

Yarn linear density 29.53 tex 14.76 tex

Blend ratio 
Regenerated bamboo/Cotton, % 100/0 70/30 50/50 30/70 0/100 100/0 70/30 50/50 30/70 0/100

Diameter, mm 0.247 0.253 0.268 0.280 0.292 0.194 0.202 0.206 0.212 0.222

Unevenness, % 7.76 7.49 7.28 7.18 6.89 9.48 8.97 8.75 8.49 8.33

Thick/km (+50%) 7 7 5 4 3 11 10 9 8 8

Thin/km (-50%) 4 2 2 1 1 3 1 2 1 1

Hairiness longer than 3 mm/km 998 1106 1476 1769 1888 628 795 938 1218 1349

Neps/km 16 13 9 9 6 19 15 15 12 12

Tenacity, cN/tex 15.75 14.89 14.49 15.48 16.85 17.18 16.25 15.49 16.45 17.99

Elongation, % 12.79 10.88 9.39 8.25 7.18 10.26 9.89 8.08 7.47 6.49
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conditions of 21 °C ± 1 and relative hu-
midity of 65% ± 2 for 48 hours, free of 
tension. Wet relaxed knitted fabric sam-
ples were washed by hydro-extraction for 
1 minute and tumble dried for 60 minutes 
at around 70 °C. The samples were then 
laid on a plane surface in a conditioning 
cabinet of 21 °C ± 1 and relative humidi-
ty of 65% ± 2 for 48 hours free of tension. 
All the relaxation treatments were carried 
out according to ASTM D 1284-76.

Testing of fabric parameters 
The fabric structural and physical proper-
ties like aerial density and thickness were 
evaluated. The aerial density of the fabric 
was calculated as per ASTM D 3776-96 
using a standard cutter, and the mean 
value of the five samples was reported. 
Fabric thickness was calculated as per 
ASTM D 1777-07 at 10 different places 

for each specimen, and the average was 
taken for further analysis. The porosity 
(P) of the knitted fabrics was calculated 
using the following expression [7]. 

   GSM(g/m2)
   h(m)P% = [1 –  ] 100

   ρ(g/m3)

Where, GSM = fabric mass per square 
meter, h = thickness, and ρ = density of 
the fibre, respectively.

A Textest FX 3300 air permeability test-
er (Textest AG, Switzerland) was used to 
evaluate the air permeability of the fabric 
at a pressure of 100 Pa (ASTM D737). 
The water vapour permeability was meas-
ured on a Permetest instrument (Senso-
ra Company, Liberec, Czech Republic) 
according to ISO 11092. According to 
ISO 11092, the thermal conductivity and 

resistance of the fabrics were evaluated 
using an Alambeta instrument (Sensora, 
Czech Republic) [9]. All measurements 
were performed under standard atmos-
pheric conditions of 21±1 °C (70±2 °F) 
and 65±2% relative humidity (RH), as 
recommended by ASTM D 1776. Ten 
readings were taken and then the averages 
calculated for each of the knitted fabrics.

 Results and discussion
Dimensional properties of knitted 
fabrics
Table 3 shows the fabric thickness and 
weight have a decreasing propensity to 
increase in the regenerated bamboo fi-
bre ratio in the fabric. Due to the lower 
bending rigidity of regenerated bamboo 
blended yarns, the knitted loops in the 
structure can be packed together easily, 

Table 3. Geometrical and thermal comfort properties of regenerated bamboo/cotton single jersey knitted fabrics.

Linear 
density, 

tex

Blend ratio %
cotton: regenerated 

bamboo

Loop 
length, 

mm
Thickness, 

mm
Mass per 
unit area,

g/m2

Porosity,
 %

Air permeability,
cm3/cm2/s

Water vapour 
permeability, 

%

Thermal 
conductivity,
W/mK x 10-3

Thermal 
resistance, 

m2K/W x 10-3

29.53

100 : 0

3.0

0.822 188 84.95 131 45.13 54.33 19.77

70 : 30 0.730 184 80.67 155 45.67 52.31 18.64

50 : 50 0.693 178 77.86 174 46.36 50.26 18.46

30 : 70 0.652 170 74.34 243 46.93 49.13 17.77

0 : 100 0.587 161 65.72 351 47.63 46.33 17.21

14.76

100 : 0 0.691 122 88.38 333 48.33 51.34 20.60

70 : 30 0.632 111 86.53 368 49.26 48.22 20.19

50 : 50 0.583 102 84.92 414 49.24 47.27 19.44

30 : 70 0.544 94 82.99 477 51.24 45.22 19.23

0 : 100 0.499 83 79.21 623 53.29 43.25 18.53

Figure 1. Air permeability values of single jersey knitted fabrics. Figure 2. Thermal conductivity values of single jersey knitted fabrics.
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thereby decreasing the fabric thickness. 
In our study, we used both cotton and 
regenerated bamboo fibres, which are 
different in fineness, to prepare fabrics 
with different blend ratios. The differing 
fineness of regenerated bamboo and cot-
ton fibres eventually varies the mass per 
square meter of the fabrics. The thickness 
of the fabrics decreases at a quicker rate, 
However, the ratio of the mass per square 
meter and thickness increases, and for 
that reason the porosity decreases. Our 
results show that the thickness of knitted 
fabric depends on the yarn linear densi-
ty, fabric structure and relative closeness 
of the loops, as concluded by Kane, Patil 
and Sudhakar [18]. 

Air permeability
Figure 1 shows the relationship between 
the linear density and blend ratio of air 
permeability values of regenerated bam-
boo/cotton knitted fabrics. The results 
clearly show that 100% regenerated 
bamboo fabrics have the uppermost air 
permeability value. In addition, blending 
regenerated bamboo with cotton fibres 
produces a lower air permeability value. 
It is clear that with an increasing ratio of 
bamboo fibre, irrespective of the linear 

Figure 3. Thermal resistance values of single jersey knitted fabrics. Figure 4. Water vapour permeability values of single jersey knitted 
fabrics.

density of the fabric, the air permeabili-
ty increases. Due to micro spaces in the 
fibre structure of regenerated bamboo 
fibre, it also gives superior air permea-
bility. The air permeability value of the 
100% cotton fabric produced is lower 
than that of the regenerated bamboo fab-
ric sample, which may be partially attrib-
uted to the fact that regenerated bamboo 
fibre has some striated cracks scattered 
above the longitudinal surface and that it 
also has many voids in the cross section 
[19]. The thickness and mass per square 
metre of regenerated bamboo fabrics are 
also consequently lower than those of the 
corresponding cotton fabrics. The results 
showed that the air permeability values 
of the bamboo/cotton blended knitted 
fabrics had a considerable effect on the 
fabric thickness, since the thickness 
tended to decrease with air permeability 
values, irrespective of the blend propor-
tion. It is commonly accepted that the air 
permeability of a fabric depends on its air 
porosity, which influences its openness. 
The bigger the porosity of the fabric, the 
more porous fabric is obrained. Porosity 
data confirm an increasing trend with an 
increase in linear density, which results 
in an increase in air permeability. 

Thermal conductivity
Figure 2 shows that the thermal conduc-
tivity of knitted fabrics decreases as the 
proportion of regenerated bamboo fibre 
increases. As investigational by Prakash, 
Ramakrishnan and Koushik [17], cotton 
yarns have a higher amount of hairiness 
than the equivalent regenerated bamboo 
yarns. When added together, the porosity 
of regenerated bamboo blended fabrics is 
lower than that of cotton fabrics. As a re-
sult, regenerated bamboo blended fabrics 
can be expected to show superior thermal 
conductivity than fabrics made from cot-
ton yarns. The thermal conductivity in-
creases due to an increase air voids [20]. 
It was revealed by Pac, Bueno and Remer 
[11] that different varieties of the same 
fibre type may influence the heat transfer. 

Thermal resistance
From Figure 3, the thermal resistance 
is found to drop off as the proportion of 
bamboo increases. The trend is reversed 
in our study. The reliable consideration 
used in this study was varying the blend 
proportion of bamboo. The higher heat 
conductivity of bamboo fibres is one of 
the reasons for the decrease in thermal 
resistance. It has been stated by a number 
of workers [21-22] that the most impor-
tant fabric factor which determines the 
thermal lagging of fabric is the fabric 
thickness, the extent of which depends 
upon the pressure applied while carrying 
out the measurements. It was found that 
as the yarn gets finer the thermal resist-
ance drops off. The amount of reduction 
in thickness is more than the amount of 
decrease in thermal conductivity, with 

Table 4. ANOVA multivariable data analysis. Note: * Significant for α = 0.05.

Various analysis

p-value

Air 
permeability,

cm3/cm2/s

Water vapour 
permeability, 

%

Thermal
conductivity,

W/mK

Thermal
resistance,

m2K/W

Between yarn linear density 0.000148* 0.001359* 0.000118* 0.000138*

Between blend ratio 0.000183* 0.041825* 0.000153* 0.000173*
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the thermal resistance also decreasing. 
Due to the bamboo fibre microstructure, 
being filled with a bunch of air pockets, 
it can receive a great amount of air [23].

Water vapour permeability 
Figure 4 shows that as the water vapour 
permeability increases, the proportion 
of regenerated bamboo fibre increases. 
The superior water vapour permeabili-
ty of regenerated bamboo blended fab-
rics can be seen in the lower values of 
thickness and fabric mass per square 
metre, facilitating the easy movement 
of water vapour through the fabric. Wa-
ter vapour transmission due to diffusion 
may also be higher for fabric made from 
regenerated bamboo due to the fact that 
the moisture regain of regenerated bam-
boo fibre is higher than that of cotton. 
Prahsarn, Barker and Gupta [24] report-
ed that the water vapour transmission 
rate was strongly correlated with fabric 
thickness and fibre-related factors such 
as the cross-sectional shape and moisture 
absorbing properties. On the other hand, 
although the regain of bamboo fabric was 
almost as high as for cotton fabric, the air 
permeability of bamboo fabric was near-
ly twice as high as that of the cotton fab-
ric, which might explain the higher water 
vapour transfer rate of bamboo fabric.

Data analysis: variance statistics
The SAS System (version 8 for Win-
dows) was used to assess the experi-
mental data, and ANOVA (analysis of 
variance) at a 95% confidence level 
was used to measure the significance of 
the blend ratio and linear density on the 
thermal comfort properties of the regen-
erated bamboo/cotton knitted fabrics. To 
conclude whether the parameters were 
significant or not, p values were exam-
ined. From Table 4, the statistical anal-
ysis reveals that the thermal comfort 
properties of regenerated bamboo/cotton 
knitted fabrics are significant factors for 
the blend ratio and linear density, with 
p > 0.05 respectively. These data are 
clearly an indication of the consistency 
of our experimental design. 

 Conslusions
The thermal comfort properties of 100% 
cotton, 100% regenerated bamboo and 
regenerated bamboo/ cotton blended yarn 
single jersey fabrics were investigated in 
this study. In general, the thermal com-
fort properties of the fabrics depend on 
their fibre content and the linear density 

of the component yarns. The presence of 
regenerated bamboo fibre in the fabric 
is proved to have an effect on the ther-
mal comfort properties. 100% regener-
ated bamboo fabric was found to have 
the highest air permeability and relative 
water–vapour permeability, with the low-
est being for 100% cotton fabric. 100% 
regenerated bamboo fabric has low-
er thermal conductivity and resistance 
properties than 100% cotton fabric, with 
the level of reduction increasing with in-
creasing regenerated bamboo fibre con-
tent in the fabric. 
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 www.biocompositescc.com

Biocomposites Conference Cologne
7th Conference on Wood and Natural Fibre Composites
6 – 7 December 2017, Maternushaus, Germany

Following the recent trends of the wood 
and natural fibre composites market we have changed the 
name of the conference from 7th Conference on Wood and Natural 
Fibre Composites into Biocomposites Conference Cologne (BCC). It 
will be the largest conference on biocomposites worldwide this year. 
More than 300 participants and 30 exhibitors mainly from industries 
are expected!

Market opportunities through intersectoral innovation in 
biocomposites

 ■ The world’s most comprehensive biocomposite exhibition

 ■ Vote for “Biocomposite of the Year 2017”

 ■ Gala dinner and other excellent networking opportunities

Largest biocomposites conference in 2017

Sponsor
Biocomposite Award

www.coperion.com

www.vttresearch.comwww.f-r-d.eu

Silver Sponsor

www.gruener-punkt.de

Bronze Sponsors

http://fkur.com

LIN TECHo

www.linotech.de www.simcon-worldwide.com

Sponsoring
Present your company in the 
trend-setting environment of 
the Seventh Biocomposites 
Conference Cologne. We 
offer you the opportunity 
to present yourself as a 
sponsor!


