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A B S T R A C T   

This work investigates the effect of varying the knitting structure and stitch length (SL) on various 
thermo-physiological and ergonomic comfort properties of the occupational graduated 
compression socks. Thermo-physiological comfort, ergonomic comfort and dimensional stability 
of theses stockings were analysed in a comparative manner. Obtained results were evaluated 
statistically using the technique of analysis of variance (ANOVA). A Fisher’s multiple comparison 
test was commissioned to analyze the relationship between the alteration of stitch length (SL) on 
various utility functions and properties desired in the occupational compression socks. In order to 
examine whether the difference of stitch length is significant, p values were determined. Further 
the influence of knitting structures e.g., plain, 2 × 2 Rib and 1 × 3 Rib was analysed on the 
selected properties. The interactive effect of both stitch length (SL) and knitting structure was 
studied using statistical techniques. It was concluded that knitting structure has a stronger impact 
on thermo-physiological and ergonomic comfort properties. Results showed a significant varia-
tion in thermo-physiological and ergonomic comfort by altering stitch length by means of the 
statistical analysis. An innovative approach for the manufacturers has been developed for opti-
mizing performance in compression stockings. The construction of the compression socks can thus 
be optimized in terms of constructional parameters to provide optimum comfort to the users.   

1. Introduction 

Compression garments are specially designed clothing, containing elastomeric yarns which are used to apply significant amount of 
pressure on the selected body zones, where required. There are different compression garments available e.g., stockings, elastic 
bandages, pneumatic pumps and specialized garments [1]. Our modern lifestyle is causing many health issues in people. Persons 
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involved in a standing or sitting position during day-to-day activities e.g., hairdressers, shop assistants, telephone operators etc. 
experience blood flow related problems in their lower limbs, causing venous diseases [2]. This occurs due to extravasation of fluid from 
the venules because of a steadily increasing venous pressure in the lower limbs of the body, owing to gravity [3]. Occupational postures 
adopted for longer time over a working day leads to symptoms such as pain, fatigue, tiredness and in later stages it is associated with 
venous diseases [4]. This results in reduction of productivity, increased work absenteeism and poor quality of life. In such cases, many 
people start using compression garments without consultations with doctors or specialists to make their work life easier [5]. These 
venous ulcers in legs may negatively impact the quality of life and their treatment is costly [6]. Using bandages requires a great deal of 
experience to achieve the required compression level. Also, there are chances of slippage of bandages which can cause adverse effects. 
The use of compression stockings/socks seems to be the best option in this regard. Graduated compression stocking commonly uses 
mechanical antithrombotic agents. They have proven efficacy in general application for activities related to occupation [7–10]. These 
stockings enable professionals to perform their job diligently and without pain. Such stockings are called compression/preventive 
compression stockings. During long flights (prolonged sedentary time) also it has been suggested that wearing compression stockings 
might reduce the deep vein thrombosis (DVT) risk [11]. The compression stockings are made of Lycra-Polyamide blended knitted 
fabrics. Usually plain and Rib knitted structures are widely used as per available literature [11–15]. Industrial scale production of 
compression garments is done worldwide, and they need to be certified by the medical authorities [16,17]. It has been concluded that 
the compression stockings should have a smaller circumference than the body size. Pressure at the ankle region is always higher which 
gradually decreases along the direction of the leg to regulate the blood flow [18–22]. For the compression stocking a pressure higher 
than 20 mmHg is needed to improve the velocity of blood flow and the optimum pressure values at ankle is 18 mmHg. At the calf 
region, it should be14 mmHg, and at the knee region, the pressure should be 10 mmHg. For the lower and upper thigh regions it should 
be 8 mmHg [23,24]. The graduated compression stockings are classified into different types as circular knit stockings, flat bed knit 
stocking, net stocking, one way stretch stockings and their styles e.g., thigh length and below knee length [25]. Uneven or excessive 
pressure distribution of compression stockings can damage the skin especially in case of elderly people. 

The physiological effect of compression stockings imparting variable pressures at different regions of the lower limbs was studied. It 
was concluded that compression stocking with mild pressure proved to be much more effective and sufficient for those who inactively 
stand and sit for long term during their daily activities [26–29]. Researchers suggested that compression of tubular knitted 
compression socks decreases significantly as stitch length increases [30]. The influence of inlay yarn fineness, main yarn type, stitch 
length and fabric structure on extensibility and bursting strength of developed compression stocking was investigated [31]. The effect 
of construction parameters like type of inlay yarn, tension during yarn feeding, thickness, stitch density and areal density on the 
compression behaviour of medical grade stockings is also investigated [32]. 

It has become a bigger challenge for compression garment products to be more comfortable and acceptable to consumers. The side 
effects of compression stockings like skin irritations and discomfort are major factors limiting their usage. The literature reveals that 
different studies regarding compression properties were conducted, but comfort characteristics were not considered which need to be 
investigated for performance and functional needs of the end users. The wearing comfort in garments can be assessed subjectively 
(using human experts) or objectively (using devices in the laboratory). Subjective assessment of comfort is not reliable due to vari-
ability in opinion of the experts while objective assessment is based on scientific principles. Thermal as well as moisture management 
properties are essential for wearing comfort in knitted garments including compression stockings [33–38]. Based on the available 
literature, the current study aims to explore the effect of different knitting structures and stitch length on thermo-physiological 
comfort, ergonomic comfort and dimensional stability of compression garments. This study investigates the comfort performance 
of compression stockings by relating the properties with the interaction the structure and stitch length. The significance of the in-
fluence is determined by using statistical analysis based on ANOVA. It aims to improve the comfort properties of compression stockings 
by integrating experimental and statistical analysis. This will help to fill the knowledge gap regarding the effect of varying knitting 
structure and stitch length on the functional performance of compression garments. 

Fig. 1. Yarn descriptions (a) Yarn types, (b) Schematic yarn diagram.  
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2. Materials and methods 

2.1. Materials 

In the current research, three types of yarns as shown in Fig. 1(a) were used. Main yarn or the ground yarn was made of 100% 
polyamide (PA) fibre. The plaiting yarn was a single covered yarn (SC) made of elastane (Lycra) and polyamide fibres. The double 
covered yarn (DC) made of elastane yarn and two coverings of PA yarns was used as the inlay yarn as shown in Fig. 1(b). In the present 
work, main yarn consisted of 48 multifilament of 100 % polyamide (PA6.6) fibers and the plaiting yarn was a single covered (SC) yarn 
where polyurethane (PU, Lycra®, Dupont, Wilmington, Delaware, USA) was used in the core and covered by polyamide multifilament 
(24 filaments). The double covered inlay yarn used Lycra® in the core and was covered by two layers of polyamide yarns as mentioned 
in Table 1. Linear densities of elastane PU (Lycra®) in core yarn of plaiting and inlay yarn are 20 Denier and 160 Denier respectively. 
The yarns were imported from USA. 

The yarn linear density was determined according to ASTM D1059-17 [39]. Microscope (Beck London 35288, Model 47) was used 
to count the number of mono-filaments, as per standard method. Yarn details are given in Table 1. Commercial samples of a 
compression stocking (Sockeye®, Shanghai, China) was used to check the stitch length. The commercial samples are also made of 
nylon and Lycra® and the structures were found to be plain, 2 × 2 Rib and 1 × 3 Rib knit. 

2.2. Methods 

2.2.1. Design of experiment 
Samples of compression stockings (CS) were collected from (Sockeye®, Shanghai, China). The stitch length was analysed and was 

marked as standard stitch length (SL). The stitch length was varied to different levels to obtain tight, standard and slack structures as 
detailed in Table 2. Samples were made by following the standard stitch length (SL = 0.30 cm) which was measured from the available 
market sample. Then, 3 different knitting structures were made by increasing the stitch length by 0.02 cm (SL = 0.28 cm) higher than 
standard SL and then 3 samples were made by reducing the SL by 0.02 cm (SL = 0.32 cm). Compression stocking samples were 
prepared by using plain and rib structures (with long inlay yarns floating on the technical backside, to form a visual effect like rib 
structure). Table 3 shows the full-factorial design of experiment prepared by Minitab-21 (Minitab version-21, Pennsylvania, USA). The 
experimental design was made by using two factors, each at three levels. Two-level factorial design including 2000 experiment is the 
most widely used first order design [38]. In 32 full-factorial design, there are 9 (3 × 3) runs. 9 different samples were prepared by using 
the three types of structures e.g., Plain, 2 × 2 Rib and 1 × 3 Rib as mentioned in Table 3. The knitting structures were manufactured by 
using the alternate inlay yarn, as shown in Table 4 [39]. Samples codes are given in Table 3. The configurations/structures and the 
simulations of the fabrics were visualized by SDS-ONE, APEX vision platform (from Shima Seiki, Wakayama, Japan). 

2.2.2. Stockings production 
Compression stocking samples were prepared on Merz CC 411 (Merz Maschinenfabrik GmbH, Hechingen, Germany) knitting 

machine, with 24 gauge(E), 360 needles, 12 cm diameter and 4 feeder’s machines including two furnishers. This machine is shown in 
Fig. 2(a). In the beginning, the machine forms 2–3 courses and then the graduated pressure region starts to manufacture as per 
programming. The formation of portions C, B and B1 shown in Fig. 2(b)–is completed according to the set parameters in the program. 
After completion of graduated compression parts, the foot region is knitted. Labelling of different parts in the samples were done as 
shown in Fig. 2(b). For production of Rib knitted samples, different machine of the same make (Merz Maschinenfabrik GmbH, 
Hechingen, Germany) was used with 180 cylinder needles and 180 dial needles, 24 gauge(E),12 cm diameter and 4 feeders. This 
research emphasizes on the stitch length variation to develop the compression stockings. The samples were developed by keeping 
stitch length (SL) 2.8 mm at point B, 3.0 mm at point B1 and 3.2 mm at the compression point C in all the three selected structures like 
plain, 2 × 2 Rib and 1 × 3 Rib. These levels were considered as a lower, standard, and higher SL respectively with the difference of 
±0.2 mm. To maintain the compression for all developed stockings, the feeding tension for insertion of inlay yarn was adjusted 
accordingly. 

The stocking samples were dipped in a detergent solution for 5 min. They were left in the solution for about 5 min and then washed 

Table 1 
Specifications of the yarns used.  

Parameters of the yarns Plaiting yarn (Single covered) Inlay yarn (Double covered) The main/ground yarn 

Overall yarn linear density (Denier) 90 ± 2 322 ± 2 152 ± 2 
Linear density of top covering (Denier) 72 ± 2 22 ± 2 – 
Linear density of bottom covering (Denier) – 22 ± 2 – 
Linear density of Elastane/Lycra (Denier) 22 ± 2 162 ± 2 – 
Elastane/Lycra (%) 7.79 55.84 0 
Nylon (%) 92.21 44.16 100 
No. of filaments 24 40 48 
Cross section Round Round Textured 
Orientation POY POY POY 
Colour Raw white Raw white Raw white  
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with running water. After that the samples were squeezed to remove extra water. Finally, the samples were dried for 24 h in open air. 
The washing and drying process was carried out at temperature 22 ± 2 ◦C, and 65 ± 2% relative humidity. 

2.2.3. Compression measurement 
All the stockings samples were verified as class 1 (18–23 mm.Hg, as per German standard (RAL GZ 387) [40]. The apparatus used 

for the test is MST MK V, SWL, Medical Stocking Tester (from Swisslastic Ag., St. Gallen, Switzerland). Pressure at points B, B1 and C 
were measured after placing the stocking on dummy leg as shown in Fig. 3(a). The pressure values were noted in mm.Hg. The reduction 
of compression was under the gradual compression rule in a graduated compression stocking for a steady upward flow of blood. The 
effective pressure of stockings is evaluated at ankle position (B). 

At ankle (B) required pressure in percentage should be 100%, and it gradually decreases from the ankle towards thigh, at point B1, 
where the pressure range should be 70–100%, at C it should be 50–80% [39]. Each sample was tested thrice, and their mean and 
standard deviation was calculated. The pressure value at point B was analysed to check the visual trend. The compression for all the 
samples was measured under standard conditions e.g., temperature 22 ± 2 ◦C, and 65 ± 2% relative humidity. Fig. 3(b) shows pressure 
values for the different samples at point B. All the compression values for the samples were found to be within compression class 1 (i.e., 
18–23 mm.Hg as per German standard, RAL GZ 387). With lower stitch length, maximum compression was observed in case of 1 × 3 

Table 2 
Factors and levels.  

No. Factors Levels Level details 

1 Structure 3 Plain knit (P) 2 × 2 Rib (R1) 1 × 3 Rib (R2) 
2 Stitch length (cm) 3 Lower (0.28) Standard (0.30) Higher (0.32)  

Table 3 
Details of experiments/experimental layout.  

Experiment # Sample code Sample/name 

1 PL Plain (Stitch length lower) 
2 RL Rib 2 × 2 (Stitch length lower) 
3 RL1 Rib 1 × 3 (Stitch length lower) 
4 PS Plain (Stitch length standard) 
5 RS Mock Rib 2 × 2 (Stitch length standard) 
6 RS1 Mock Rib 1 × 3 (Stitch length standard) 
7 PH Plain (Stitch length higher) 
8 RH Mock Rib 2 × 2 (Stitch length higher) 
9 RH1 Rib 1 × 3 (Stitch length higher)  

Table 4 
Structure representation. 
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Rib structures. For standard stitch length, 2 × 2 Rib structures exert maximum compression due to tighter construction as compared to 
other structures. Further with higher stitch length, 1 × 3 Rib structures showed maximum compression. The compression performance 
is a combined effect of stitch length and knit structure which must be optimized to achieve tighter construction. 

2.2.4. Testing physical and physiological attributes 
Fabric thickness, weight/area, dimensional stability, thermo-physiological and ergonomic comfort performance were tested for all 

stocking samples. 

2.2.5. Physical properties 
Physical attributes of all stocking samples e.g., thickness and areal density (mass/unit area) were measured. Thickness was checked 

by a thickness tester (of model 99–0697), from Framincham, MA, USA as per standard ASTM D 1777 [41]. Areal density was measured 
by using a GSM cutter (of model JH-10-36) from Jenhaur Co. Ltd., Taipei, Taiwan) according to ASTM D 3776 [40]. Each of the 
parameters was measured ten times and the mean values are reported. 

Fig. 2. Machine descriptions (a) Compression stocking machine, (b) Labelled samples.  

Fig. 3. Measurement of compression stockings (a) Pressure measurement, (b) Graduated compression pressure at point B (1 mm.Hg = 133.3 Pa).  
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2.2.6. Dimensional stability 
Dimensional changes in percentage were calculated as per standard AATCC 150 [42]. All the stocking samples (after washing) were 

tested in the circumferential/transversal direction. The stretch% and recovery% are important characteristics for required compres-
sion and fit. Fabric stretch is very important property relating to comfort. Extra stretch will lead to irritation and skin rashes. Clothing 
ergonomics other than subjective assessment can be investigated objectively by considering clothing elasticity. Most important 
requirement of ergonomic wear comfort is to allow freedom of body movement and to maintaining the shape of the body. An optimum 
stretch level is required in compression stockings for supporting optimum blood flow. The stretchability is the extension under a 
pre-determined load, while elasticity is the ability to recover after removal of the load. Both these parameters determine dimensional 
stability in compression stockings. Fabric stretch was checked as per ASTM D 2594 standard using CETME stretch tester (of model VIA 
A MORO 17) from Attrezzature Per Calzific Reggio EM, Italy, [43]. 

2.3. Physiological attributes 

2.3.1. Air permeability 
SDL Atlas air permeability tester (M 021A), from South Carolina, USA was used for this measurement according to international 

standard ISO-9237 [44] by setting 100 Pa pressure at 20 cm2. AP was measured for ten specimens of each fabric category and the mean 
was reported. 

2.3.2. Thermal resistance 
The thermal resistance (TR) of stocking samples was determined on Alambeta apparatus (from Sensora, Liberec, Czechia) by 

following standard ISO-11092 [45]. This instrument is widely used for measurement of thermo-physical properties (e.g., thermal 
conductivity and thermal insulation). Thickness is also measured by this device. The sample is placed between two plates connected to 
thermocouples and temperature sensors. Both measuring heads are equipped with thermocouples and so-called heat flow sensors. 
Lower plate is at room temperature while the upper plate can be set at variable temperatures. It measures a time-dependent transient 
heat flow through the thickness of the sample. Each of the parameters was measured ten times and the mean values are reported. 

2.3.3. (OMMC)- overall moisture management capacity 
The ability of the material to absorb moisture and transform in it into vapor is termed as Overall Moisture management capacity 

(OMMC). This test was carried out by following international standard AATCC – 195–2009 [46] using the MMT (Moisture Manage-
ment Tester) from SDL Atlas, South Carolina, USA. The results were expressed in terms of overall moisture management capability 
(OMMC). The moisture management tests were conducted under standard conditions e.g., temperature 22 ± 2 ◦C, and 65 ± 2% 
relative humidity. The mean value of 10 measurements was reported. 

2.3.4. Vertical wicking (VW) 
Vertical wicking in wale and course directions were measured using AATCC 197–2013 test method from American Association of 

Textile Chemists & Colourists [47]. The fabric samples were conditioned at temperature 22 ± 2 ◦C, and 65 ± 2% relative humidity 
before the wicking tests were conducted. Rectangular samples of the stockings were cut in wale and course directions with dimensions 
(200 mm × 25 mm). The fabric samples were vertically hung into a bath of distilled water with one of the ends dipping up to 20 mm. A 
weight of 4 g was applied by using clips to the end of sample dipping inside water. The capillary rise of water in the stocking samples 
was measured after 5 min. The mean value of 10 measurements each in wale and course direction was reported. 

2.3.5. Relative water vapor permeability (RWVP) 
PERMETEST equipment (from Sensora, Liberec, Czechia) was used to measure relative water vapor permeability of the samples by 

following standard ISO 11092:1993 [48]. The device is based on heat flux sensing principle. The samples are kept on the measuring 
head which is covered by a semi-permeable foil. Air is blown at a speed of 1 m/s, parallel to the sample. Isothermal condition (room 
temperature of 22 ± 2 ◦C) is maintained for the measuring head. Heat loss is caused by the flow of water through the measuring head. 
The heat loss is calculated both when the measuring head is empty and when it is covered with the sample. Relative water vapor 
permeability (RWVP) was determined by calculating the percentage of heat loss when measuring head is covered by fabric (qs) with 
respect to heat loss when it is empty (qo). The calculation is shown in Eqn. (1). 

RWVP=
qs

qo
× 100% (1) 

The mean value of 10 measurements was reported. 

2.3.6. Statistical analysis of data 
Minitab-21 statistical software (developed by Minitab, Pennsylvania, USA) was used to conduct analysis of variance (ANOVA) in 

order to determine the significance of identified variables. 
In the current research, first the influence of stitch length (SL) and knit structure on different responses like physical, thermo- 

phycological, extensibility and dimensional stability was quantified and analysed by ANOVA technique along with comparative 
Fisher’s method. If a p-value of less than 0.05 (or p < 0.05) was obtained, then it was regarded to be statistically significant. Further, 
interval plots were used to compare the groups of samples. The interval plots display 95% confidence interval for the mean result in 
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each group of stocking samples. The interactive effects of knitting structure and stitch length were also plotted to understand the 
combined effect of these construction parameters on the comfort and performance of compression stockings. 

3. Results & discussions 

ANOVA Fisher’s response table of all the parameters were prepared for analysing the effect of stitch length. For a specific 
parameter, p-value of less than 0.05 implies a statistically significant influence on the output performance within 95% confidence 
interval. 

3.1. Physical properties 

3.1.1. Influence of construction parameters on thickness 
All the developed structures have different thickness owing to differences in the shape of loops. Thickness of 2 × 2 Rib is highest 

among all structures followed by 1 × 3 Rib because of yarn accumulation at tuck positions. In the same manner, in 1 × 3 Rib fabrics, the 
thickness increased due to longer float of yarn, on reverse side of the fabric. In Rib knitted structures, it was observed that samples with 
standards SL have highest thickness followed by higher SL and lower SL respectively. However, it is not the case in plain knitted 
structures. Table 5 shows that SL has a highly significant effect on thickness of 1 × 3 Rib structure (F-value = 248.49, p-value = 0.000). 
Fisher’s comparison results also show that the mean responses of standard, higher and lower SL are significantly different. 1 × 3 Rib 
with standard SL had the largest effect followed by higher and the lower SL which had the least effect on thickness. In 2 × 2 Rib 
structure, SL showed insignificant effect on thickness (F-value = 2.07, p-value = 0.207). This can be due to a balanced and self- 
compensating structure in Rib 2 × 2. The lower, standard, and the higher SL have similar responses that are shown by assigning 
the same grouping/letter A to each sample. Within a variation of 0.25 mm in stitch length, there is no significant change in thickness. 
SL in plain structure has a significant effect on thickness (F-value = 61.23, p-value = 0.000). Fisher’s comparison shows that mean 
response of standard and higher SL are insignificantly different (A), while plain structure with lower SL shows medium difference (B). 

This situation is also visible from interval plots shown in Fig. 4(a–c). The interval plots and 95% confidence interval of thickness are 
shown in Fig. 4 (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3. Fig. 4(d) presents the interactive plot. 

When the SL was reduced, thickness reduced due to more compact structure. While in case of increasing SL, the overlapping of the 
loop also increased and thus increasing the thickness. Thickness is increased due to contraction of the loops by the Lycra based yarn 
[49]. 

In case of plain knitted fabrics, there is an increase of thickness with increase in stitch length and there is decrease in compactness. 
However, in Rib knitted structures the thickness is highest for the standard stitch length. With increase and decrease of stitch length, 
the fabric becomes compact and the thickness decreases. The interactive plot in Fig. 4(d) also shows the combined effect of knitting 
structure & stitch length on thickness. It shows that the combination of standard stitch length with 1 × 3 Rib knitted structure results in 
maximum thickness. 

3.1.2. Influence of construction parameters on areal density (g/m2) 
Table 6 shows that areal density (weight per unit area) has the highly significant effect in 1 × 3 Rib (F-value = 504.14, p-value =

0.000). Fisher’s comparison results also show that the mean responses of lower, standard, and higher SL are significantly different. 
Lower SL has the largest effect followed by higher SL and the standard SL has the least effect on areal density. In plain knitted structure, 
Fisher’s comparison shows that mean response of standard and lower SL are similar as shown by assigning same letter A to each of the 
cases. 

Table 5 
Result summary & ANOVA table for thickness (cm).  

Variable Type Factor Mean Grouping Source Degrees of 
freedom 

Adjusted Sum 
of Squares 

Adjusted Mean 
Sum of Squares 

F 
Value 

P 
Value  

Thickness 
(cm) 

Plain Lower 0.0660  B  Error 6 0.000009 0.000001    
Plain Standard 0.0747 A   Factor 2 0.000177 0.000088 61.23 0.000 S**  
Plain Higher 0.0760 A   Total 8 0.000186      
Rib 2 
× 2 

Lower 0.0840 A   Error 6 0.000207 0.000034     

Rib 2 
× 2 

Standard 0.0937 A   Factor 2 0.000143 0.000071 2.07 0.207   

Rib 2 
× 2 

Higher 0.0900 A   Total 8 0.000350      

Rib 1 
× 3 

Lower 0.0762  C  Error 6 0.000009 0.000002     

Rib 1 
× 3 

Standard 0.0987 A   Factor 2 0.000345 0.000377 248.49 0.000 S**  

Rib 1 
× 3 

Higher 0.0880   B Total 8 0.000354     

S**(Significant). 
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With increase in tuck stitches, there is yarn accumulation at tuck positions and thus an increase in fabric weight. For plain knitted 
samples, the inlay yarn is tucked in alternate wales. For the 2 × 2 Rib knitted samples, tucking of inlay yarn occurs in two successive 
wales and there is a float in the next two successive loops. For 1 × 3 Rib samples, there is tucking of the inlay yarn in a wale and there is 
a continuous float for the next three successive loops. Due to thicker dimensions, the tuck stitched fabric is heavier while miss stitched 
fabric has lower weight [50]. 

From Table 6 as well as Fig. 5(a–c), it is apparent that, for stitch length lower than standard SL, the weight of the 2 × 2 and 1 × 3 Rib 
structured fabrics are relatively higher due to a higher stitch density (no. of loops/unit area). In case of higher SL than standard, the 

Fig. 4. Interval plot of fabric thickness (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3 and (d) Interactive plot.  

Table 6 
Result summary & ANOVA table for areal density (g/m2).  

Variable Type Factor Mean Grouping Source Degrees of 
freedom 

Adjusted Sum 
of Squares 

Adjusted Mean 
Sum of Squares 

F 
Value 

P 
Value  

Areal density 
(g/m2) 

Plain Lower 220 A   Error 6 6 1    
Plain Standard 221 A   Factor 2 222.000 111.00 111 0.000 S** 
Plain Higher 209  B  Total 8 228     
Rib 2 
× 2 

Lower 260 A   Error 6 6.67 1.111     

Rib 2 
× 2 

Standard 240   C Factor 2 688.889 344.444 310.00 0.000 S**  

Rib 2 
× 2 

Higher 243  B  Total 8 695.556      

Rib 1 
× 3 

Lower 260 A   Error 6 4.667 0.778     

Rib 1 
× 3 

Standard 239  C  Factor 2 784.22 392.11 504.14 0.000 S**  

Rib 1 
× 3 

Higher 242   B Total 8 788.889     

S**(Significant). 
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fabric weight slightly increased, instead of decreasing similar to the reported literature [51]. This is because of the Lycra component 
which helps in compacting of the loops in the fabric. The results show that there is more significant influence of Lycra yarn in case of 
knitted structures as compared to the influence of SL. 

The interval plots and 95% confidence interval of areal density are shown in Fig. 5 (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3. Fig. 5(d) 
presents the interactive plot. 

In case of plain knitted structure, the maximum areal density was observed for standard stitch length. Increase or decrease in stitch 
length causes decrease in areal density due to looseness of the structure. It is more prominent in case of longer stitch length. However, 
in case of Rib knitted structures, the highest areal density was observed with minimum stitch length owing to compactness of the 
fabric. The interactive plot in Fig. 5(d) also shows the combined effect of knitting structure & stitch length on areal density. It shows 
that the combination of lower stitch length with 2 × 2 & 1 × 3 Rib knitted structures results in maximum areal density. 

3.2. Dimensional stability 

3.2.1. Influence of construction parameters on shrinkage% 
Dimensional stability (DS) in textile structures refers to the ability to retain the original dimensions through the fabric 

manufacturing process as well as during use by the customer. It is a very important parameter with respect to shape stability, especially 
after washing. The fabric shrinks or expands during washing, based on the change in the loop length. However, magnitude of change in 
dimensions depends on shape of the loops. All the three types of structures were susceptible to shrinkage which is visible from Table 7. 
Lycra yarn causes significant shrinkage in the width direction of the fabric. The shrinkage of less than +5% is not considered to be 
significant [52]. So, the shrinkage in all the developed structures is within acceptable limit, which implies that compression stockings 
can sustain the dimensional stability during use. 

1 × 3 Rib structured stockings have better DS, as compared to other two structure. Due to longer float length, shape of the loops 
after washing has not changed much. Consequently, the samples show high DS. Shrinkage of fabric varies with the change of SL. More 
compact structure in case of standard SL due to overlapping of loops restricts the movement, leading to lower extensibility. Due to 
lower extensibility, changes in dimensions of the stockings are lower [53]. 

Table 7 and Fig. 6(a–c) show that SL has a highly significant effect on shrinkage of 1 × 3 Rib (F-value = 1529388, p-value = 0.000). 
Fisher’s comparison results also show that the mean response of lower SL is different from standard and higher SL. Plain knitted 

structure shows insignificant effect on shrinkage (F-value = 3, p-value = 0.125). The 2 × 2 Rib structure shows (F-value = 1.37, p- 
value = 0.323), which also indicates an insignificant effect. Rib 2 × 2 with lower, standard and the higher SL have similar responses 
that are shown by assigning the same letter A to each. Fisher’s comparison shows that mean response of standard and lower SL are 

Fig. 5. Interval plot for areal density (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3 and (d) Interactive plot.  
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insignificantly different (A), while higher SL shows medium difference (B). 
The interval plots and 95% confidence interval of shrinkage% are shown in Fig. 6 (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3. Fig. 6(d) 

presents the interactive plot. 
For plain knitted structures, shrinkage% decreases linearly with the increase in stitch length. As yarn length in each loop is 

increased, the fabric becomes more stable dimensionally. Rib knitted structures are more balanced and lower stitch length results in 
lower shrinkage. The interactive plot in Fig. 6(d) also shows the combined effect of stitch length and knit structure on shrinkage%. It 
shows that the combination of standard stitch length with 2 × 2 & 1 × 3 Rib knitted structures result in zero shrinkage indicating better 
stability. 

Influence of construction parameters on stretch% 
Stretch/extensibility is important for ergonomic comfort. From Table 8, it can be seen that 2 × 2 Rib structure exhibits highest 

Table 7 
Result summary & ANOVA table for shrinkage%.  

Variable Type Factor Mean Grouping Source Degrees of 
freedom 

Adjusted Sum 
of Squares 

Adjusted Mean 
Sum of Squares 

F Value P 
Value  

Shrinkage 
% 

Plain Lower 2.22 A  Error 6 118.60 19.76     

Plain Standard − 2.50 A  Factor 2 118.70 59.36 3 0.125   
Plain Higher − 6.66  B Total 8 237.30      
Rib 2 
× 2 

Lower − 28.10 A  Error 6 2633.00 438.90     

Rib 2 
× 2 

Standard − 1.31 A  Factor 2 1206.00 603.10 1.37 0.323   

Rib 2 
× 2 

Higher − 6.66 A  Total 8 3840.00      

Rib 1 
× 3 

Lower − 7.14  B Error 6 0.00 0.00     

Rib 1 
× 3 

Standard 0.00 A  Factor 2 101.96 50.98 1529388 0.000 S**  

Rib 1 
× 3 

Higher 0.00 A  Total 8 101.96     

S**(Significant). 

Fig. 6. Interval plot of Shrinkage% (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3 and (d) Interactive plot.  
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stretch% followed by Plain structured stockings. As compared to miss stitches, the tuck stitches make the fabric more stretchable. 
Therefore, 1 × 3 Rib structure shows minimum stretch due to yarn floats connecting the wales in a compact manner and thus reduces 
extensibility. It makes the overall structure stable which can be seen from recovery% of samples [54]. The behaviour is depicted in 
Table 8 and Fig. 7(a–c). There is increase in stretch% as SL increases. Lycra yarn always enables the knitted fabrics to be more 
extensible. 

Table 8 shows that SL has the highest significant effect on stretch% of 1 × 3 Rib (F-value = 41931.87, p-value = 0.000). Fisher’s 
comparison results also show that the mean responses of lower, standard and higher SL are significantly different. Fisher’s comparison 
shows that for all the knitted structures, the responses of lower, standard and higher SL are significantly different. The differences are 
shown by assigning different letters to each. The interval plots and 95% confidence interval of stretch% are shown in Fig. 7 (a) Plain, 
(b) Rib 2 × 2, (c) Rib 1 × 3. Fig. 7(d) presents the interactive plot. 

In all the structures, minimum stretch was observed for the standard stitch length owing to a stable structure. The interactive plot in 
Fig. 7(d) also shows the combined effect of knitting structure & stitch length on stretch%. It shows that the standard stitch length 
results in minimum stretch% in all knitted structures. With increase or decrease in stitch length, the stretch% increases in all the 
structures due to loose construction and a decrease in inter-yarn friction. 

3.2.2. Influence of construction parameters on recovery% 
It can be observed from Table 9 that Rib 1 × 3 structure has maximum recovery% as mentioned before. It can be ascertained that 

the recovery% in the knitted fabrics is improved by Lycra yarn. This happens because of the Lycra yarn holding the loops tightly which 
ultimately increases the compactness [55]. 

The Fisher’s test results demonstrate that all samples have significantly different recovery % with the exception of 1 × 3 Rib 
standard and higher SL samples. The interval plots and 95% confidence interval of recovery% are shown in Fig. 8 (a) Plain, (b) Rib 2 ×
2, (c) Rib 1 × 3. Fig. 8(d) presents the interactive plot. 

In all the structures, maximum stretch recovery was observed for the standard stitch length owing to a stable structure. Recovery is 
reduced due to inadequate length of yarn available in case of a shorter/longer loop and an imbalanced knit pattern is obtained. The 
interactive plot in Fig. 8(d) also shows the combined effect of knitting structure & stitch length on recovery%. It shows that the re-
covery is about 99% for standard stitch length in case of all knitted structures. For lower stitch length there is a decrease in recovery 
due to rigidity of loop structure. 

3.3. Thermo-physiological comfort 

3.3.1. Influence of construction parameters on air permeability (AP) 
Air permeability significantly affects the wearing comfort of compression stockings. Air flow through fabric is affected by various 

factors including porosity. It is well known that overall porosity consists of two main components, one is void/space between fibers of 
the yarn and other is space between yarns of the fabrics. In the present study, as all samples are made from same type of fiber and yarn 
with different SL and structure, so difference of air flow is mainly because of void/spaces between yarns of the fabric. This type of 
structure ultimately affects the AP because the spaces in loops differ in different knitted structures. The structures were different from 
each other by different patterns of inlay yarn. From Table 10, it can be seen that the samples made with 2 × 2 Rib structure showed the 
highest value of AP followed by 1 × 3 Rib structure. Samples made from plain structure showed the least values of AP. The number of 
tuck stitches equals the number of miss stitches of inlay yarn in samples of plain and 2 × 2 Rib structure. However, the arrangement of 
such stitches in the structures ultimately affects the AP results. More tuck stitches in a course make the fabric more porous. The pore 

Table 8 
Result summary & ANOVA table for stretch%.  

Variable Type Factor Mean Grouping Source Degrees of 
freedom 

Adjusted Sum 
of Squares 

Adjusted Mean 
Sum of Squares 

F Value P 
Value  

Stretch 
% 

Plain Lower 180.00  B  Error 6 2.6 0.40     

Plain Standard 63.73 C   Factor 2 28590.3 14295.10 32398.95 0.00 S**  
Plain Higher 186.33   A Total 8 28592.9      
Rib 2 
× 2 

Lower 185.71  B  Error 6 2.9 0.50     

Rib 2 
× 2 

Standard 65.03 C   Factor 2 32986.5 16493.20 34191.53 0.00 S**  

Rib 2 
× 2 

Higher 200.00   A Total 8 32989.4      

Rib 1 
× 3 

Lower 169.0  B  Error 6 1.5 0.30     

Rib 1 
× 3 

Standard 62.50 C   Factor 2 23374.6 11687.32 45283.91 0.00 S**  

Rib 1 
× 3 

Higher 172.00   A Total 8 23376.1     

S**(Significant). 
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volume and pore size significantly affect the passage of air through knitted structures. 1 × 3 Rib structure includes one loop of inlay 
yarn and then a long float over three successive loops. Therefore, the freely floating yarn on the fabric can bring consecutive groups of 
wales closer which in turn reduces the AP [56]. 

With respect to SL, samples with higher SL exhibit higher AP values, while sample with standard and lower SL show lower AP value 
as given in Table 10. Increasing SL reduces the stitch density and compactness and thus the AP is increased. As the SL increases, it 
increases the spaces between adjacent loops and the structure becomes loose. This allows air to pass easily through the knitted 
compression stocking structure [57]. 

Table 10 shows that SL had a highly significant effect on AP of 1 × 3 Rib (F-value = 12571.5, p-value = 0.000 followed by 2 × 2 Rib 
(F-value = 3475.18, p-value = 0.000). Fisher’s comparison results also show that the mean response of the Standard SL is significantly 
different from higher & lower SL in all samples. The interval plots and 95% confidence interval of air permeability are shown in Fig. 9 

Fig. 7. Interval plot of stretch % (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3 and (d) Interactive plot.  

Table 9 
Result summary & ANOVA table for recovery%.  

Variable Type Factor Mean Grouping Source Degrees of 
freedom 

Adjusted Sum 
of Squares 

Adjusted Mean 
Sum of Squares 

F Value P 
Value  

Recovery 
% 

Plain Lower 96.29   C Error 6 0.00087 0.00014     

Plain Standard 98.55 A   Factor 2 9.63216 4.81608 33342.08 0.00 S**  
Plain Higher 96.42  B  Total 8 9.63302      
Rib 2 
× 2 

Lower 96.15   C Error 6 0.0009 0.00014     

Rib 2 
× 2 

Standard 98.55 A   Factor 2 10.3396 5.16981 35791.00 0.00 S**  

Rib 2 
× 2 

Higher 96.42  B  Total 8 10.3405      

Rib 1 
× 3 

Lower 96.29  B  Error 6 10 1.667     

Rib 1 
× 3 

Standard 99.35 A   Factor 2 27.53 13.764 8.26 0.02 S**  

Rib 1 
× 3 

Higher 98.51 A   Total 8 37.53     

S**(Significant). 
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(a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3. Fig. 9(d) presents the interactive plot. 
With increase in the stitch length, there is an increasing trend in the air permeability of all the knitted structures due to more 

openness of the geometry. The interactive plot in Fig. 9(d) also shows the combined effect of knitting structure & stitch length on air 
permeability. Furthermore, the Rib constructions allow more airflow as compared to plain knitted structures due to more openness of 
structure. 

3.3.2. Influence of construction parameters on OMMC 
Overall moisture management capability (OMMC) is important for wearing comfort characteristics of consumer textiles e.g., 

occupational compression stockings. The flow of moisture through knitted fabrics is governed by wetting and wicking phenomena. 

Fig. 8. Interval plot of recovery % (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3 and (d) Interactive plot.  

Table 10 
Result summary & ANOVA table for air permeability (cm3/s/cm2).  

Variable Type Factor Mean Grouping Source Degrees of 
freedom 

Adjusted 
Sum of 
Squares 

Adjusted Mean 
Sum of Squares 

F Value P 
Value  

Air permeability 
(cm3/s/cm2) 

Plain Lower 540.00 B   Error 6 12.17 2.03    
Plain Standard 534.00  C  Factor 2 3700.48 1850.45 911.94 0.00 S** 
Plain Higher 580.00 A   Total 8 3713.07     
Rib 2 
× 2 

Lower 626.67  C  Error 6 7.33 1.22     

Rib 2 
× 2 

Standard 629.00   B Factor 2 8494.89 4247.44 3475.18 0.00 S**  

Rib 2 
× 2 

Higher 687.00 A   Total 8 8502.22      

Rib 1 
× 3 

Lower 577.00   C Error 6 4.7 0.7     

Rib 1 
× 3 

Standard 589.00 B   Factor 2 19554.9 9777.44 12571.5 0.00 S**  

Rib 1 
× 3 

Higher 682.00  A  Total 8 19559.6     

S**(Significant). 
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When the fabric gets wet, the capillary channels between fibers help in wicking of water. Wetting, wicking and later on drying or vapor 
transmission are critical aspects for assessing moisture management properties [58]. Since compression stockings are worn for longer 
period over the body, so moisture from sweat would be present at skin level. Overall moisture management capability of the stockings 
under investigation are rated Fair to good 0.2–0.4, 0.4–0.6 [59]. Among three types of structures, 1 × 3 Rib has highest OMMC value 
for all types of stockings followed by plain and 2 × 2 Rib structure. For the moisture management, wicking of moisture by capillary 
action is very important. As tuck stitches increase in the structure, they restrict the capillary action due to more accumulation of yarn as 
mentioned by other researchers [60]. Samples with standard SL show highest OMMC values followed by higher SL and lower SL. For 
capillary action, tortuous path is important. In case of smaller SL, the path becomes less complicated for water outflow to be transferred 
out and evaporated effectively [59,60]. This may be attributed to areal density. As areal density increases, the time for spreading, 
wetting also increases. This ultimately leads to lower OMMC value. Results are given in Table 11. The interval plots and 95% con-
fidence interval of OMMC are shown in Fig. 10(a–c). 

Rib 1 × 3 structure shows a highly significant effect of SL on OMMC (F-value = 283.5, p-value = 0.000). Fisher’s comparison results 
also show that the mean responses of lower, standard and higher SL are significantly different. 2 × 2 Rib structures with standard SL 
had the highest effect, followed by Rib 1 × 3 with higher SL and the least effect was observed for lower SL (Table 11). Similar results 
were observed for plain structure (F-value = 6.51, p-value = 0.00). For Rib 2 × 2 with Standard and the Higher SL, similar responses 
are shown by assigning the same letter A to each. 

The interval plots and 95% confidence interval of OMMC are shown in Fig. 10 (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3. Fig. 10(d) 
presents the interactive plot. 

The OMMC values were observed to be the highest in case of standard stitch length in 1 × 3 Rib structure. It means the standard 
stitch length generates optimum capillary action. Only in Rib 2 × 2 structure, the OMMC increased as the stitch length further 
increased. The interactive plot in Fig. 10(d) also shows the combined effect of knitting structure & stitch length on OMMC. It shows 
that the maximum OMMC was achieved for the standard stitch length. In case of 2 × 2 Rib structure the OMMC increases when the 
stitch length increases. However, in plain and 1 × 3 Rib structures, when the stitch length increases from standard length, the OMMC 
value decreases due to inadequate capillarity hindering moisture transport in the fabric [58–60]. 

3.3.3. Influence of construction parameters on vertical wicking (VW) 
The vertical wicking was measured for the samples in wale and course direction. Among the three types of structures, 1 × 3 Rib 

showed highest wicking height in the wale direction followed by 2 × 2 Rib and plain structures. In the course direction, highest wicking 
height was observed for 2 × 2 Rib structure followed by 1 × 3 Rib and plain. Overall, the wicking behaviour was better in Rib structures 

Fig. 9. Interval plot of AP (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3 and (d) Interactive plot.  
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as compared to plain knitted structure due to capillary action. Samples with standard SL showed highest wicking height followed by 
higher SL and lower SL along the wale as well as course direction. In all the knitted structures, course wise wicking height was higher 
than the height in wale direction. For capillary action, tortuous path is important, and this was achieved with standard SL. In case of 
smaller SL, the path becomes less complicated for water flow [60–62]. As areal density increases, the time for wicking also increases. 
This ultimately leads to lower wicking height. Results of vertical wicking in wale direction are given in Table 12 & Fig. 11(a–d). The 
interval plots and 95% confidence interval of vertical wicking in wale direction are shown in Fig. 11 (a) Plain, (b) Rib 2 × 2, (c) Rib 1 ×
3. Fig. 11(d) presents the interactive plot. 

The results of vertical wicking in course direction are given in Table 13 & Fig. 12 respectively. 
The interval plots and 95% confidence interval of vertical wicking in course direction are shown in Fig. 12 (a) Plain, (b) Rib 2 × 2, 

(c) Rib 1 × 3. Fig. 12(d) presents the interactive plot. 

Table 11 
Result summary & ANOVA table for OMMC.  

Variable Type Factor Mean Grouping Source Degrees of 
freedom 

Adjusted Sum of 
Squares 

Adjusted Mean 
Sum of Squares 

F 
Value 

P 
Value  

OMMC Plain Lower 0.480  C  Error 6 0.00120 0.000200     
Plain Standard 0.680   A Factor 2 0.06980 0.03490 174.50 0.000 S**  
Plain Higher 0.650 B   Total 8 0.07100      
Rib 2 
× 2 

Lower 0.284 B   Error 6 0.08816 0.01476     

Rib 2 
× 2 

Standard 0.586 A   Factor 2 0.19164 0.09572 6.51 0.031 S**  

Rib 2 
× 2 

Higher 0.590 A   Total 8 0.27960      

Rib 1 
× 3 

Lower 0.520  C  Error 6 0.0012 0.0002     

Rib 1 
× 3 

Standard 0.850 A   Factor 2 0.1134 0.0567 283.5 0.000 S**  

Rib 1 
× 3 

Higher 0.610   B Total 8 0.1146     

S**(Significant). 

Fig. 10. Interval plot of OMMC (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3 and (d) Interactive plot.  
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The vertical wicking height values in wale and course directions were observed to be the highest in case of standard stitch length. It 
means the standard stitch length generates optimum capillary action [60–62]. The interactive plots in Fig.s 11(d) & 12(d) also showed 
the combined effect of knitting structure & stitch length on vertical wicking heights. Maximum wicking height in wale direction was 
achieved for the standard stitch length and 1 × 3 Rib structure. However, in the course direction, the maximum wicking height was 
achieved for the standard stitch length and 2 × 2 Rib structure. 

Rib 1 × 3 and 2 × 2 structures showed a highly significant effect of SL on vertical wicking heights. Fisher’s comparison results also 
showed that the mean responses of standard, higher and lower SL are significantly different. 2 × 2 Rib structures with standard SL had 
the highest effect, followed by Rib 1 × 3 with higher SL and the least effect was observed for lower SL. For Rib 2 × 2 with Standard and 
the Higher SL, similar responses were shown by assigning the same letter A to each. 

Table 12 
Result summary & ANOVA table for vertical wicking in wale direction (cm).  

Variable Type Factor Mean Grouping Source Degrees of 
freedom 

Adjusted Sum 
of Squares 

Adjusted Mean 
Sum of Squares 

F 
Value 

P 
Value  

Vertical wicking 
height, 
walewise 
(cm) 

Plain Lower 3.12  C  Error 6 0.00220 0.000210    
Plain Standard 3.89   A Factor 2 0.04420 0.04270 142.30 0.000 S** 
Plain Higher 3.41 B   Total 8 0.04200     
Rib 2 
× 2 

Lower 4.02 B   Error 6 0.02816 0.04217    

Rib 2 
× 2 

Standard 4.57 A   Factor 2 0.14764 0.07465 4.22 0.021 S**  

Rib 2 
× 2 

Higher 4.25 A   Total 8 0.25230      

Rib 1 
× 3 

Lower 4.47  C  Error 6 0.0013 0.0001     

Rib 1 
× 3 

Standard 5.04 A   Factor 2 0.1144 0.0427 125.5 0.000 S**  

Rib 1 
× 3 

Higher 4.74   B Total 8 0.1412     

S**(Significant). 

Fig. 11. Interval plot for vertical wicking in wale direction (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3 and (d) Interactive plot.  
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3.3.4. Influence of construction parameters on thermal resistance (TR) 
Thermal resistance (TR) is governed by volume and size of air pores, which act like a dead pockets and do not allow heat to pass 

through. Effect of knitting structure is significant in this regard. From Table 14, TR of 1 × 3 Rib structured stockings is highest followed 
by 2 × 2 Rib and plain structures due to more tuck stitches which make the fabric more porous. In case of 1 × 3 Rib structure, due to 
longer floats, the wales are drawn closer. Also, due to presence of Lycra yarn, which in turn leads to increase in stitch density and 
increase the microporosity. Presence of air in pores leads to increase in TR, as the thermal conductivity of stagnant air (approximately 
0. 025 W/m.K) is much lower than most of the fibers [58–60]. Still air is a good heat insulator. When smaller SL was used, the TR value 
increased for all stockings samples as per previous literature [61,62]. As SL increased, TR value of all stockings decreased. With in-
crease in SL, fabric porosity should have increased but it is reversed by the Lycra yarn embedded in the knitted structures. The 
Lycra-based yarn makes the structure more compact and reduces micro-porosity. The results for thermal resistance of the samples are 
given in Table 14. 

Table 13 
Result summary & ANOVA table for vertical wicking in course direction (cm).  

Variable Type Factor Mean Grouping Source Degrees of 
freedom 

Adjusted 
Sum of 
Squares 

Adjusted Mean 
Sum of Squares 

F 
Value 

P 
Value  

Vertical wicking 
height, 
coursewise 
(cm) 

Plain Lower 4.41  C  Error 6 0.00120 0.000220    
Plain Standard 4.77   A Factor 2 0.04430 0.05230 125.20 0.000 S** 
Plain Higher 4.56 B   Total 8 0.04100     
Rib 2 
× 2 

Lower 5.42 B   Error 6 0.04253 0.04741    

Rib 2 
× 2 

Standard 5.88 A   Factor 2 0.14425 0.07362 2.45 0.011 S**  

Rib 2 
× 2 

Higher 5.55 A   Total 8 0.14520      

Rib 1 
× 3 

Lower 5.01  C  Error 6 0.0011 0.0001     

Rib 1 
× 3 

Standard 5.22 A   Factor 2 0.1142 0.0475 145.2 0.000 S**  

Rib 1 
× 3 

Higher 5.12   B Total 8 0.1742     

S**(Significant). 

Fig. 12. Interval plot for vertical wicking in course direction (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3 and (d) Interactive plot.  
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From Table 14 Fisher’s comparison results, it can be seen that the mean response of all variations in SL was significantly different 
for the structures. Rib 1 × 3 showed a highly significant effect of SL on TR (F-value = 3556.00, p-value = 00.000), Rib 1 × 3 with lower 
SL had the highest main effect, second largest mean effect was observed for Rib 1 × 3 with highest SL and the least mean effect was for 
the type of standard SL (Table 14). Similar trends can be observed for other structures and SL. The interval plots and 95% confidence 
interval of TR are shown in Fig. 13 (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3. Fig. 13(d) presents the interactive plot. 

The minimum thermal resistance was observed for all the knitted structures prepared with standard stitch length. It means that the 
standard length enables the fabric to have optimum number of micro pores necessary for heat transfer required for compression 
stockings used in hot climates. The interactive plot in Fig. 13(d) also shows the combined effect of knitting structure & stitch length on 
thermal resistance. It shows that the standard stitch length is optimum for minimum thermal resistance in all the knitted structures for 
compression stockings to be used in hot climates. 

3.3.5. Influence of construction parameters on relative water vapor permeability % (RWVP) 
RWVP was measured for the samples of knitted compression stockings and the results are given in Table 15. 
Among the three types of structures, 1 × 3 Rib showed highest RWVP followed by 2 × 2 Rib and plain structures. This is attributed 

Table 14 
Result summary & ANOVA table for thermal resistance (K/W).  

Variable Type Factor Mean Grouping Source Degrees of 
freedom 

Adjusted Sum 
of Squares 

Adjusted Mean 
Sum of Squares 

F Value P 
Value  

Thermal 
resistance 
(K/W) 

Plain Lower 0.026  A  Error 6 0.000002 0.00000    
Plain Standard 0.012 C   Factor 2 0.000302 0.00015 453.00 0.000 S** 
Plain Higher 0.016   B Total 8 0.000304      
Rib 2 
× 2 

Lower 0.039 A   Error 6 0.000001 0.00001     

Rib 2 
× 2 

Standard 0.018   C Factor 2 0.000437 0.00028 874.11 0.000 S**  

Rib 2 
× 2 

Higher 0.025  B  Total 8 0.000463      

Rib 1 
× 3 

Lower 0.039 A   Error 6 0.000001 0.00000     

Rib 1 
× 3 

Standard 0.013   C Factor 2 0.000790 0.00040 3556.00 0.000 S**  

Rib 1 
× 3 

Higher 0.030  B  Total 8 0.000791     

S**(Significant). 

Fig. 13. Interval plot of TR (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3 and (d) Interactive plot.  
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to the openness of structure which facilitates easier evaporation. Samples with higher SL showed maximum RWVP followed by 
standard SL and lower SL. Further the looser construction in Rib knitted fabrics is favourable for easier transmission of water vapor 
[57–62]. The interval plots and 95% confidence interval of RWVP are shown in Fig. 14 (a) Plain, (b) Rib 2 × 2, (c) Rib 1 × 3. Fig. 14(d) 
presents the interactive plot. 

The minimum evaporative resistance was observed for all the knitted structures prepared with higher stitch length. It means that 
the higher stitch length enables the fabric to allow better vapor transfer required for compression stockings used in hot and humid 
climates. The interactive plot in Fig. 14(d) also shows the combined effect of knitting structure & stitch length on RWVP. It shows that 
the higher stitch length and 1 × 3 Rib construction allows maximum permeability to water vapor. The lower stitch length and plain 
construction allows maximum evaporative resistance. 

4. Conclusions 

In the present research, occupational graduated compression stockings were designed and developed for routine healthcare. 
Compression stockings with pressure class 1 have been developed to reduce the chances of occupational venous health issues. The 
present work emphasizes on ergonomic as well as thermo-physiological comfort characteristics of occupational graduated compression 
stockings/socks for tasks performed while standing or sitting for a prolonged period of time. These are also essential in case of pregnant 
women. The studies were performed by changing stitch length and knitting structures in the fabrics. From the results it was concluded 
that by varying stitch length (SL) in the knitting structure the thermo-physiological and ergonomic comfort properties can be 
significantly influenced. 1 × 3 Rib structure showed maximum OMMC and AP which are important for breathability. Vertical wicking 
and relative water vapor permeability were found to be optimum in case of standard stitch length. Beside this, these socks have better 
stretch and recovery% as compared to other structures. Therefore, such compression stockings can be recommended for summer 
weather with better comfort characteristic. Effect of stitch length variation was influenced by presence of Lycra yarn. Fisher’s com-
parison results also show that the mean responses of standard, higher and lower stitch length (SL) are significantly different for all the 
properties except dimensional stability. This study can be helpful for manufacturers of compression stockings, to understand the effect 
of SL and knitting structure on different comfort aspects especially when Lycra yarn is used. Variation in construction parameters with 
different knitted structures provides an optimization of functionality, serviceability, comfort, and cost. The study has developed a 
practical approach for the manufacturers in order to optimize the performance in compression stockings. The construction of the 
compression socks can thus be optimized in terms of constructional parameters to provide optimum comfort to the users. Nonetheless, 
this study is limited to only stitch length and knitting structures of plain, 2 × 2 Rib and 1 × 3 Rib only. In future studies, other structural 
factors such as yarn linear density and effect of material composition can be considered. 
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